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SOME FACTORS INFLUENCING THE PERFORMANCE OF 
DIAPHRAGM INDICATORS OF EXPLOSION PRESSURES 


By Frank R. Caldwell and Ernest F. Fiock 


ABSTRACT 


Information obtained during the development and use of accurate diaphragm- 
type indicators of the pressures developed during explosions of gaseous mixtures 
in bombs is presented. Although some of the following conclusions are not 
orlatnal, all are supported by new experimental evidence. 

It is shown that all passages and cavities on the explosion side of the diaphragm 
should be eliminated for highest accuracy. Although the sensitivity of the 
diaphragm to pressure difference must not be less than the value determined by 
the accuracy with which pressures are to be measured, it is important when highest 
accuracy is desired, that the sensitivity shall not greatly exceed this same value 
so that the inertia error will not become larger than the allowable tolerance. 
Radial tension in the diaphragm is advantageous in reducing time lag. A blued 
or polished surface is preferable to one which absorbs more radiant energy. _Pro- 
jections around the diaphragms are without measurable effect upon the perform- 
ance of the indicators. It seems probable that, with a properly designed indi- 
cator, the measured values of explosion pressure need not deviate from the actual 
pressure by more than a few tenths of 1 mm Hg. 
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I. INTRODUCTION 


Experimental determinations of a number of the burning charac- 
teristics of various gaseous mixtures, when exploded in a spherical 
bomb, have been described in a recent publication.! In order to 
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make the results reliable over a wide range of conditions, it was neces. 
sary that the measurements of pressure be accurate, both in the early 
stages of the burning and later in the combustion process when the 
pressures were high and rising rapidly. A diaphragm-type indic eal or, 
which shows when a definite pressure is reached, was selected for these 
measurements because of its inherent simplicity, adaptability, and 
high precision. However, sec emgrrodd experiments were necessary 
to determine the most favorable dimensions and the most suitable 
methods of mounting and of recording 

It seemed simpler, mechanically, to mount t ‘essure indicators 
completely outside the spherical bomb, and t ‘esence of seieaicy d 
disks to support the di: ‘aioe ugms on the explosion side appeared to 
offer some advantages. Hence, preliminary experimental studies of 
the effects of the necessary passages and of backing disks were under- 
taken prior to designing the spherical bomb and its pressure indica- 
tors. The results of these preliminary studies may be of practical 
importance, since diaphragm indicators used for measuring explosion 
pressures in engine cylinders have frequently had either connecting 
passages or backing disks, or both. 

The present results thus fall logically into two groups. The first 
of these was obtained with special indicators having soft diaphragms 
of rolled silver, designed to show the effects of restrictions betweer 
the flame and the diaphragm and used at either end of a avi ndrical 
bomb designed for test purposes. The second group was obtained 
with indicators having their sprin avg diaphragms directly exposed 
to the explosive charge in a spheric ‘al bomb. 


S 
] 
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II. EXPERIMENTS WITH INDICATORS ON A TEST BOMB 
1. TEST APPARATUS 


The apparatus used in testing preliminary forms of the 
is shown diagrammatically in figure 1. It provided for ap compari- 
son of two indicators differing from each other in only one Sig! ican 
constructional detail, and for the investigation of a number of design 
features ——— simple mechanical changes. 

One indicator was mounted at each end of the cylindrical 
so that both indicators were subjected to the same rise in ] 
The figure shows indicators of the balanced-diaphragm type, in 
a very flexible circular diaphragm was clamped at 
two perforated supporting disks. For brevity, the 
on the explosion side will be referred to as the 
and that on the other side of the diaphragm as the outer iia 

The number and pattern of the perforations differed for ‘the 
backing disks, as did the thickness. To provide for the necessary 
movement of the diaphragms, the adjacent surfaces of the isk 
were shaped as cones having approximate y 0.01 04-in 

In all cases the outer backing disks wer 
faces plane and normal to the axes and perf d 
illustrated with diaphragm A of figures 3, 4, and 5. Eac h had 442 
holes, 1.5 mm in diameter, with centers 2 mm apart, and a ring of 6 
holes, 1 mm in diameter, around a central hole 2 mm in Giamctet 
through which the end of the insulated electrode passed. 

The electrode, shown paca matically in figure 1, was of stain! 
steel, with a rounded and polished contact. It was threaded through 
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make the results reliable over a wide range of conditions, it was neces. 
sary that the measurements of pressure be accurate, both in the early 
stages of the burning and later in the combustion process when the 
pressures were high and rising rapidly. A diaphragm-type indicator, 
which shows when a definite pressure is reached, was selected for these 
measurements because of its inherent simplicity, adaptability, and 
high precision. However, preliminary experiments were necessary 
to determine the most favorable dimensions and the most suitable 
methods of mounting and of recording. 

It seemed simpler, mechanically, to mount the pressure indicators 
completely outside the spherical bomb, and the presence of perforated 
disks to support the diaphragms on the explosion side appeared to 
offer some advantages. Hence, preliminary experimental studies of 
the effects of the necessary passages and of backing disks were under- 
taken prior to designing the spherical bomb and its pressure indica- 
tors. The results of these preliminary studies may be of practical 
importance, since diaphragm indicators used for measuring explosion 
pressures in engine cylinders have frequently had either connecting 
passages or backing disks, or both. 

The present results thus fall logically into two groups. The first 
of these was obtained with special indicators having soft diaphragms 
of rolled silver, designed to show the effects of restrictions between 
the flame and the diaphragm and used at either end of a cylindrical 
bomb designed for test purposes. The second group was obtained 
with indicators having their spring-steel diaphragms directly exposed 
to the explosive charge in a spherical bomb. 


II. EXPERIMENTS WITH INDICATORS ON A TEST BOMB 
1. TEST APPARATUS 


The apparatus used in testing preliminary forms of the indicators 
is shown diagrammatically in figure 1. It provided for the compari- 
son of two indicators differing from each other in only one significant 
constructional detail, and for the investigation of a number of design 
features through simple mechanical changes. 

One indicator was mounted at each end of the cylindrical bomb, 
so that both indicators were subjected to the same rise in pressure. 
The figure shows indicators of the balanced-diaphragm type, in which 
a very flexible circular diaphragm was clamped at the rim between 
two perforated supporting disks. For brevity, the supporting disk 
on the explosion side will be referred to as the inner backing disk 
and that on the other side of the diaphragm as the outer backing disk. 

The number and pattern of the perforations differed for the inner 
backing disks, as did the thickness. To provide for the necessary 
movement of the diaphragms, the adjacent surfaces of the inner disks 
were shaped as cones having approximately 0.004-in. altitude. 

In all cases the outer backing disks were alike, having both sur- 
faces plane and normal to the axes and perforated in the pattern 
illustrated with diaphragm A of figures 3, 4, and 5. Each had 442 
holes, 1.5 mm in diameter, with centers 2 mm apart, and a ring of 6 
holes, 1 mm in diameter, around a central hole 2 mm in diameter 
through which the end of the insulated electrode passed. 

The electrode, shown diagrammatically in figure 1, was of stainless 
steel, with a rounded and polished contact. It was threaded through 
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a gland which was insulated with mica from the remainder of the 
indicator. 

In using this type of instrument, a known constant backing pressure 
was applied continuously to the outer face of the diaphragm. When 
the pressure on the explosion side just exceeds this backing pressure. 
the diaphragm moves quickly from its inner to its outer support, 
where it completes an electrical circuit by means of which the instant 
of contact is recorded. It will be shown later that the amount of 
pressure required to move the diaphragm can be made extremely 
small by the selection of optimum dimensions for the diaphragm. — 

The apparatus for taking photographs, from which the extremely 
small time intervals can be measured, is also shown in figure 1. Three 
recording spark gaps were focused on a film carried on a drum driven 
at 3,600 rpm by a synchronous motor. The first spark was in series 
with the igniting spark and recorded the instant of ignition. The 
other sparks followed on the record as each diaphragm made contact 
with its insulated electrode. Since the velocity of the film was known, 
the time elapsing between ignition and the operation of each indicator 
could be obtained directly from the photograph. 

The operating procedure was as follows. The electrodes were 
adjusted to make contact when the diaphragms were in their neutral 
positions. The backing pressure was applied, and the bomb was filled 
to atmospheric pressure with explosive mixture of known composition. 
Each of the duplicate indicator circuits was set by first throwing 
switch S, to the right to charge a condenser to 220 volts, and then to 
the left to connect the charged condenser to the tube circuit. Dis- 
charge of the condenser is prevented by a 22.5-volt negative bias on 
the grid. Switch S, was then thrown to the left to charge another 
condenser to 110 volts, and then to the right, discharging this con- 
denser through the primary of the spark coil which produced the 
igniting spark. As each diaphragm made contact with its electrode, 
the grid bias was removed, and the 220 volt condenser discharged 
through the tube and through the spark coil which produced the 
recording spark for the indicator. 

The various values of voltage, resistance, capacitance, and induc- 
tance given in the figure were found satisfactory, although consider- 
able variation in most of these values is permissible. Either mercury- 
or argon-filled electron tubes may be used, short ionization time and 
adequate plate current (0.25 ampere or more) being the only require- 
ments. By the use of condensers as the source of plate current, the 
tubes can be operated far above their rated steady current-carrying 
capacity, because the discharge of the condensers takes place in such a 
short time. 

It was comparatively simple to make connections which allowed 
slight leakage from the high-tension ignition circuit to the grid cir- 
cuits of the electron tubes. By such a device the firing spark was made 
to trigger the other two sparks. Photographs of the three sparks, 
taken under these conditions, show directly the time lag of the electron- 
tube circuits. Repeated observations revealed that the sparks in the 
tube circuits sometimes preceded the ignition spark by 15 micro- 
seconds and sometimes lagged behind it by the same amount. ‘This 
variation seemed to be purely accidental in character and was prob- 
ably due to effects at the spark gaps themselves. There seemed to be no 
evidence of a measurable lag in the tube circuits, and it is believed 
that the observed accidental variations were largely eliminated by 
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repetition of observations and by applying smoothing operations to 
the results. 

Some difficulty was at first experienced with premature tripping 
of one or both tube circuits by leakage from a high-tension circuit. 
The 60-millihenry choke coil and the 0.002-microfarad condenser in 
the tube circuits were found to remove this difficulty. Shielding the 
crid circuits to obtain complete isolation of one from the other was also 
found desirable. 


2. EFFECTS OF CONNECTING PASSAGES 


In order to measure the effect of interposing connecting passages 
between the indicator and the explosion vessel, an indicator was 
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FicurRE 2.—Effects of connecting passages upon the observed values of pressure. 


mounted directly on one end of the bomb and an identical indicator 
was connected through a passage to the other end. This is the 
arrangement illustrated in figure 1. The diaphragms themselves 
were 2% in. in diameter and were cut from hard-rolled silver sheet 
about 0.0025 in. thick. 

Time-pressure curves obtained with this combination of indicators 
for a comparatively fast-burning mixture of CO, H:, and O, are shown 
in figure 2. The curve for the direct-mounted indicator is the result 
of a very large number of observations, not shown individually, from 
this and other series of observations. Comparable curves from the 
other indicator are shown for five different connecting passages, each 
3.2 cm long and having the cross sectional areas shown in the figure. 

The smaller the connecting passage the slower was the rate at 
which the pressure rose in the cavity at its outer end. This throttling 
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effect is to be expected as long as the pressure in the cavity is changed 
solely by flow of gas from the main combustion chamber. In such 
cavity the pressure must lag behind that in the main combustion 
chamber by an amount which will increase as the passage is made 
smaller or longer, as the volume of the cavity is made greater, or as 
the rate-of-pressure rise in the bomb increases. 

The sharp breaks in the curves for the passage-mounted indicator 
are doubtless caused by the occurrence, within the cavity, of secondary 
explosions, which are thereafter preponderant in effect upon the pres- 
sure at the diaphragm. The rapid rise in pressure from the secondary 
explosion is the natural result of igniting an explosive mixture which 
is initially in a highly compressed and turbulent state. 

The peak pressures recorded for the cavity never exceeded those 
recorded for the main combustion chamber. It is probable that the 
inability of the diaphragms to follow the extremely rapid pressure 
rise in the cavity is largely responsible for this fact, although cooling, 
promoted by turbulence and high surface to volume ratio, is also 
effective in the same direction. 

When the diaphragms were removed from the indicators after a 
number of explosions, they invariably showed more or less permanent 
deformation in the pattern of the holes of the outer backing plate. 
This was unexpected, because preliminary tests under static pressures 
had caused no visible permanent set at 600 Ib/in.?, which is much 
higher than the peak explosion pressure developed in the bomb 
proper. 

The section sketches of figures 3 to 6 show the passageways and 
inner backing disks which were tried. The outer backing disk always 
had the pattern shown with diaphragm A of figures 3, 4, and 5. The 
conical clearance for the diaphragm is exaggerated, but the other gas 
passages are drawn in proper proportion. Below the sketches are 
photographs of the diaphragms and the inner backing plates that were 
used with each arrangement. 

Those diaphragms used with combination A of figure 3 were badly 
deformed at their centers just opposite the passage, and were blackened 
on the explosion side. Presumably the flame, rushing through the 
passage and directed against the diaphragm, had the effect of a blast 
torch, producing local softening. 

When the central holes of the inner backing disk were closed, as in 
B and C of figure 3, the deformation at the center of the diaphragm 
was greatly reduced. However, deformations in the pattern of the 
outer disk existed over the entire surface, and were accentuated when 
larger passages, as shown in C, were used. 

For passage-mounted indicators the diaphragms never made con- 
tact with their electrodes at backing pressures exceeding 70 |b/in.’ 
It was therefore assumed that the deformations were produced only 
when backing pressures were low. Then the diaphragm is pressed 
against its outer support early in the explosion, and unburned charge 
is highly compressed in the conical clearance at the diaphragm before 
it is ignited. The resulting explosion in the conical clearance may 
therefore be much more violent than the secondary explosion in the 
larger cavity at the end of the passage. In fact, the appearance of 
the diaphragms furnishes definite evidence that the excessively high 
pressures are not developed in the main combustion chamber but in 
the cavities of the indicators. 
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FIGURE 4 Deformations of silver diaphragms after use with three differc 
backing disks, but without other connecting passages 
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fi 
3. EFFECTS OF BACKING DISKS 


Figure 4 shows photographs of three diaphragms, with the corre- 
ponding inner backing disks, that were used in an indicator mounted 
directly on the end of the bomb. As previously stated, the outer back- 
ing disk was always of the type shown at A. When, as in case A 
the inner disk had many holes, interposing the least resistance between 
the combustion chamber and the clearance, the diaphragm was 
deformed least. If fewer holes were present, as in B, the deformations 
became more pronounced. When there were only seven holes, as in 
(, still greater deformation occurred, especially in that region of the 
diaphragm which was protected from the main explosion by the solid 
portion of the backing plate. 

In one case the inner disk, 2, was oriented so that each of its holes 
came directly opposite a hole in the outer backing disk. Practically 
no deformation of the diaphragm occurred when these outer holes 
were in line with like holes in the inner disk. However, there was 
considerable deformation into those holes in the outer disk which were 
opposite solid portions of the inner disk. This observation clearly 
indicates the existence of pressure differences of several hundred 
pounds per square inch within a millimeter or so of gaseous medium, 
and testifies to the extreme rapidity of the explosion in the clearance 
space. During the comparatively slow influx of the unburned gas, 
there is but little pressure drop in the passages of the inner backing 
disk. However, the more rapid burning of the heated and compressed 
vas in the clearance results in such a high rate-of-pressure rise that the 
pressure drop in the passages becomes very great. 

In figure 5 (A and £) the effect of the explosions in the clearance is 
shown for a very fast-burning mixture of propane and oxygen. For 
comparative purposes, diaphragm C, which was subjected to a static 
pressure of 750 |b/in.?, is included. Although the pressure developed 
in the explosion vessel by the burning of the propane mixture was 
probably not more than 200 |b/in.’, the pressure in the cavity must have 
exceeded 1,000 Ib/in.? Diaphragms A and B show again that greater 
deformation results when the number of holes in the inner backing 
disk is reduced. In fact, a number of cleanly cut holes were produced 
near the rim of diaphragm B, 

Deformation is usually greatest near the outer rim of the diaphragm. 
This is probably because the gas in this region, being the last to burn, 
is more highly compressed before it is ignited, and therefore produces 
the maximum pressure upon burning. 

A number of tests were made to determine whether the inner back- 
ing plate had sufficient throttling effect to cause a lag similar to that 
shown in figure 2 for connecting passages. While the effect of thin, 
well-perforated backing plates is probably so small as to be negligible 
for most practical purposes, the tests indicated that the presence of a 
backing plate does produce a lag detectable with the precise methods 
of recording employed. The amount of error appears to increase (1) 
as the number of holes in the disk is reduced, (2) as the thickness of 
the disk is increased, and (3) as the distance which the diaphragm 
moves is made greater. 
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4. EFFECTS OF BACKING PRESSURES 


Deformation of the diaphragms was apparently due to secondary 
explosions of great force, but involving only a very small amount of 
gas, in the clearance of the indicator. Despite this fact, the indicators 
never recorded pressures higher than those which would be expected 
from the primary explosion in the main combustion chamber. It was 
therefore logical to believe that the application of high backing pres- 
sures would hold the diaphragm against its inner support and prevent 
the explosive charge from entering the clearance, where it could be 
involved in a secondary explosion. 

To test this theory, a backing pressure of 165 lb/in.* was applied 
and the diaphragm examined after a single explosion. Its photo- 
graph appears at A in figure 6. Even though the indicator did not 
record, the diaphragm showed distinct deformation into the perfor- 
ations of both the inner and the outer backing disks. An interpreta- 
tion which seems to fit the observed facts is that a very rapid burning, 
probably a detonation, in the large cavity at the end of the passage 
and in the holes of the inner backing plate drove the diaphragm 
against its outer support with great suddenness and violence, except 
for a small area at the center which failed to touch the electrode. The 
failure to make electric contact and the reverse dimple at the center 
of the diaphragm were probably due in part to the fact that the solid 
portion at the center of the inner backing plate prevented the full 
force of the detonation in the cavity from reaching the center of the 
diaphragm. In addition, the electrode itself and the small holes 
surrounding it apparently offered sufficient resistance to the escape 
of the gas in the backing-pressure chamber to hold a gas pocket around 
the electrode. 

After producing the small ring of deep dents around the center of 
the diaphragm and the shallower dents over the area near the rim, 
the explosion pressures must have collapsed as suddenly as they 
were developed, allowing the diaphragm to be slapped back against 
its inner supporting disk by the backing pressure with sufficient 
suddenness to produce deformation in the opposite direction. These 
deformations into the holes of the disk on the explosion side (shown 
on the photograph by the light spots in the area beyond the small 
ring of deep dents) are evidence of the suddenness and completeness of 
the collapse of the explosion pressure, for they could have been pro- 
duced only by violent impact of the diaphragm with the inner disk 
following tremendous acceleration across the clearance of only a few 
thousandths of an inch. Although the backing pressure of 165 
lb/in.2 might produce such an acceleration if the pressure on the 
explosion side were very low, it would be entirely inadequate to pro- 
duce the observed deformations in the absence of violent impact. 

With the same indicator and passage, a diaphragm was subjected 
to the low backing pressure of 1 |b/in.? and removed after a single 
explosion (diaphragm B, fig. 6). As expected, it shows the effect of 
the violent explosion within the clearance, being more deeply deformed 
by the outer backing disk and by the electrode than was diaphragm 4A, 
because of the better opportunity for compression of gas into the 
clearance space. Diaphragm B shows deformation into only the outer 
backing plate and has a different general appearance from diaphragm 
A, demonstrating that the character of the explosion in the clearance 
is affected by the backing pressure. 
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FiGurRE 7.—General view of spherical bomb and accessories. 


A, the bomb; B, a pressure indicator; C, the window slit; D, the camera; FE, the neon lamps; and F, the 
electric tachometer 
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Detailed conclusions from the foregoing experiments with indicators 
having soft diaphragms are given at the end of this paper. However, 
all of the results obtained with passages and inner backing disks show 
that such restrictions are undesirable in an indicator designed for 
highest accuracy. Hence the diaphragms of the indicators which 
were finally evolved for studies of the burning process were directly 
exposed, Over their entire effective area, to the explosive mixture. 

Since the spherical bomb which was built for the combustion 
studies became available at this stage in the development, it was 
used for a further examination of the characteristics of the indicators 
because it accommodated six of these instead of two. 


II]. EXPERIMENTS WITH INDICATORS ON A SPHERICAL 
BOMB 


1, APPARATUS 


The spherical bomb and accessory apparatus, as illustrated in 
figure 7, have already been described in the paper referred to in foot- 
note 1. Briefly, the bomb was a 10-in. sphere having central ignition, 
a window through which the progress of the flame could be photo- 
eraphed, and six openings through which the pressure indicators could 
be attached. 

The details of a pressure indicator and its recording circuit are shown 
in figure 8. The spring-steel diaphragm, D, is clamped between the 
two brass body parts, C; and C2, through the right-' and left-hand 
threaded band, B. The electrode, FE, is threaded (% in.,"48) through 
the lower part of the gland, G, and sealed against leaks by paraffined 
leather packing, P, above the thread. Gland G, and hence also the 
electrode, is insulated from the remainder of the indicator by the mica 
washers, M, and an air space. That part of the electrode above the 
packing is threaded to accommodate the lock nut, N, which insures 
against accidental movement of the electrode between setting and 
firing, and the bakelite wheel, W, which is divided into 120 equal 
parts at its circumference to provide for measuring the sensitivity 
of theindicator. The stainless-steel contact, F’, on the lower end of the 
electrode is slightly conical, with the vertex of the cone toward the 
center of the diaphragm. This contact serves to support the dia- 
phragm over most of its area after the contact is made and to remove 
heat after the arrival of the flame. The ring, R, behind the diaphragm 
fixes the effective diameter. The pressure in the space behind the 
diaphragm could be controlled through the tube, 7. All parts are 
made of brass except those already specified. 

Each indicator is attached to the bomb by eight stud bolts which 
pass through holes, H, in the indicator. By means of appropriate 
steel sleeves, S, the force holding the indicator against the bomb is 
applied to body part C, only. Undesirable distortions of other parts 
of the indicators are thus avoided. The seal to the bomb is made by 
placing a thin gasket of soft aluminum between a flat surface on the 
bomb and the V-shaped bead on C,. 

When the indicators were assembled at room temperature, the 
thinner diaphragms were seldom flat. It was found that this wrin- 
kling could be avoided by introducing a high initial radial tension in 
the diaphragm. To provide such tension, the indicators, while 
assembled loosely, were surrounded with dry ice. With the body of 
the indicator thus cooled, the flat end of a metal cylinder heated to 
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the melting point of tin, was held firmly against the exposed face of 
the diaphragm, the band was tightened, and the hot diaphragm was 
clamped in the cold brass. Upon returning to room temperature, the 
spring steel cooled and shrank, while its clamping rings warmed and 
expanded, leaving the diaphragm taut and flat. Some slippage of the 
steel relative to the brass is thought to have occurred, since the 
sensitivities of indicators with identical diaphragms were so nearly 
alike after this treatment, although the temperatures of the parts at 
the time of assembly were not closely controlled. 

The arrangement used for obtaining a photographic record of the 
instant at which the diaphragm made contact with its insulated 
electrode is also shown in figure 8. Briefly, contact between dia- 
phragm and electrode removes the negative bias on the grid of a 
vacuum tube (2A3) acting as a relay, permitting the plate current to 
flow through a crater-tvpe neon lamp. This circuit was found to 
have a negligible time lag, and, with a very small current passing 
through the indicator contact, no difficulties with fouling or pitting 
of the contact have been experienced. 

Light from the neon lamp shines through a pinhole onto a mirror 
which reflects it into the lens of a camera. It is focused, through a 
shutter and fixed slit, upon a film, where a line image is left as the film 
revolves. The origin of this line, which is sharp and readily meas- 
urable, shows when the explosion pressure has reached the value for 
which the indicator was set under static conditions. 


2. PROCEDURE 


The main steps in the procedure during these test experiments, 
which were the same as those followed in the normal recording of an 
explosion (footnote 1), were as follows. The temperature of the bomb 
was controlled at 25° C, the backing pressure was adjusted, the 
indicators were set, the bomb was evacuated, explosive mixture was 
admitted to a pressure of 1 atmosphere, and the charge was fired upon 
opening the camera shutter. Such departures as were necessary are 
described in sections dealing with particular tests. Since the purpose 
of these experiments was to determine comparative effects of various 
constructional differences among the indicators, all six were set to 
record the same pressure in any single explosion. 

For such comparative tests the flame records are not required. 
Hence the film speed could be increased approximately twofold, to a 
value which, although it gave an underexposed flame trace, was still 
satisfactory as far as the exposure of the time and pressure records 
was concerned. 


3. TEMPERATURE OF THE INDICATORS 


_Since the coefficient of thermal expansion of the brass clamping 
rings is greater than that of the steel diaphragms, the indicators are 
sensitive to changes in temperature. To minimize the error from this 
source, the temperature of the room in which the bomb was used was 
carefully regulated. In most of the tests reported here the temper- 
ature of the bomb was within +0.1° of 25° C, and changes in tem- 
perature between setting the indicators and firing the charge seldom 
exceeded 0.01° C. Such control effectively eliminated errors which 
certainly would have arisen in its absence. 
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4. LAG IN THE RECORDING SYSTEM 


The lag in the neon-lamp circuits was determined by photographing 
the firing spark and the neon lights when electrical leakage from the 
former was allowed to trigger the lamp circuits. All of the lamps 
lighted within 13 microseconds after the first spark. On the explosion 
records this time interval represents, on the average, a distance of 
only 0.1 mm, which is also the limit of precision in the measured 
distances on the film. The time lag in the electric circuits for the 
indicators may, therefore, be justly neglected. When only an inter. 
comparison of the indicators is sought, such lag is of even less conse. 
quence, since its variation for the six independent lamp circuits js 
only a fraction of the 13 microseconds. 


5. PITTING AT THE CONTACT BETWEEN DIAPHRAGM AND 
ELECTRODE 


Experience has shown that, for the particular electric circuits 
employed, the electric contact between the blued-steel diaphragm and 
the stainless-steel electrode is highly reproducible. Pits at the point 
of contact do become visible after continued use, but these are formed 
at a negligible rate. 

In the use of the indicators, it was found desirable to rotate the 
electrode in contact with the diaphragm prior to taking each measure- 
ment. Such a procedure may have moved aside some tiny particles 
which, if let alone, might have decreased the reproducibility of 
the contact. 

Another seemingly desirable, but possibly unnecessary, precaution 
against pitting was taken by opening the lamp circuits externally, 
instead of at the diaphragm, after they had been closed by the 
application of static pressure. 


6. INERTIA OF THE DIAPHRAGM 


Perhaps the most obvious and troublesome source of possible error 
arises from the fact that, for a given pressure difference, the position 
of the diaphragm will vary with the rate at which pressure is applied. 
In other words, when the diaphragm is subjected to a rapidly rising 
pressure, some small part of this pressure is required to impart motion 
to the diaphragm, and it is therefore deflected less than it would be 
if an identical but constant pressure difference were maintained on 
its two sides. Thus, when the position of the diaphragm is used as 
an index of this pressure difference, and when the indicator is cali- 
brated or set with an essentially static pressure, it should not be 
assumed without further verification that, at the instant the same 
position is attained during a rapid rise in pressure, the instantaneous 
value of the rising pressure is identical with the static pressure at 
which the indicator was set to record. It will be shown, however, 
that this assumption can be justified for an indicator properly designed 
for a specific purpose, or more specifically that the error from this 
source, which is hereafter termed briefly the inertia of the diaphragm, 
can be reduced to a value within the allowable tolerance. 

Obviously, if it is desired to measure pressures to the nearest 0.1 
mm Hg, this increment of pressure must change the position of the 
center of the diaphragm by a detectable amount. In other words, 
the assignment of an arbitrarily chosen tolerance in pressure at once 
determines the minimum usable sensitivity of the diaphragm and the 
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device used for determining its position. The term “sensitivity’’ is 
used to denote the deflection per unit pressure difference, which is 
the slope of the experimental pressure-deflection curve. 

It is also apparent that the error due to inertia of the diaphragm 
can be reduced by decreasing its effective mass and its sensitivity. 
However, if the mass is made less by using a thinner diaphragm, the 
effective diameter must also be decreased to avoid an increase in 
sensitivity. The sensitivity of a diaphragm of a given thickness and 
effective diameter can be further reduced by the introduction of radial 
tension. 

Thus it is concluded that the less the effective mass and diameter 
and the greater the stiffness, the more nearly will a diaphragm assume 
the same position when an identical pressure difference is applied 
statically and dynamically. The practical limit to these characteris- 
tics is fixed by the previously selected minimum sensitivity to pressure 
difference. It is therefore necessary, in designing an indicator for 
rapidly changing pressures, to adopt that compromise between sensi- 
tivity and inertia which seems most satisfactory for the intended 
specific application of the instrument. To satisfy this requirement, 
the component parts of the indicator as a whole must have the follow- 
ing characteristics: (1) In an attempt to gain sensitivity, the thick- 
ness of the diaphragm must not be reduced to a value which allows 
permanent deformation under the service conditions. (2) The sensi- 
tivity to pressure difference must exceed a minimum value determined 
by the accuracy with which pressures are to be measured. (3) The 
sensitivity of the diaphragm must be reduced as far as possible to 
insure that the inertia error is kept within the allowable tolerance. 

It will be shown that the pressure indicators which have been 
deseribed, when fitted with spring-steel diaphragms 0.002 in. thick 
and '%_ in. in effective diameter, under high initial radial tension, 
do satisfy these requirements to a degree which permits the measure- 
ment of explosion pressures with an accuracy of a few tenths of 1 
mm Hg. Such high accuracy in the observed values of pressure is 
necessary, particularly in the early stages of the explosions, if reliable 
values of the burning characteristics are to be derived from the 
directly observed time-pressure and time-displacement records. It 
is fortunate that, for this purpose, less accurate values of pressure 
suffice later in the burning process, when the rate of rise in pressure 
has become exceedingly high. 

Although many materials available in thin sheets are somewhat less 
dense than clock-spring steel, the latter is superior as a material for 
diaphragms in pres a studies because of its high elastic limit and 
the persistence of this limit after exposure to flame. There is now 
some reason to believe that a copper-beryllium alloy, which was not 
available when these studies were undertaken, will prove equally 
satisfactory for the purpose. However only spring-steel diaphragms, 
varying in thickness from 0.001 in. upward, were used in the present 
survey. 

7. EFFECTS OF DIAPHRAGM DIMENSIONS 


_Not only was it difficult to assemble an indicator so that a 0.001-in. 
diaphragm would remain flat, but also such diaphragms were rather 
severely distorted by the flames and had to be replaced after a very 
limited number of explosions. These limitations indicated that it 
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was highly desirable to use thicker diaphragms, if it were at all 
practicable. 

Wrinkling of the diaphragms could be avoided by the process of 
assembly when the thickness was 0.002 in., and was practically non- 
existent for still thicker disks. When the 0.002-in. diaphragms were 
supported and cooled by the electrode during the period of exposure 
to flame, the distortion also became a negligible factor and it was not 
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Ficure 9.—Pressure-deflection curves for diaphragms of different dimensions. 


necessary to replace a single diaphragm over a period of several 
months of regular use. 

Having proved the ability of the 0.002-in. diaphragms to withstand 
the service conditions, it became necessary to determine the minimum 
diameter which such a disk could have and still be adequately sensitive 
to a pressure difference of 0.1mm Hg. For this purpose a number of 
curves, of which those shown in figure 9 are typical, were obtained. 
Here the relations between static pressure difference and amount of 
deflection are plotted for diaphragms of three different thicknesses 
and two different diameters. The slopes of these curves are the 
sensitivities of the diaphragms. In each case there was present an 
unknown amount of initial tension, believed to be limited by frictional 
resistance to slippage between the stecl disk and its brass clamping 
rings. 

Since it was planned to set the indicators by application of static 
pressure prior to each explosion, it was not necessary that the dia- 
phragm should deflect in direct proportion to pressure. In fact, as 
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already pointed out, a decreasing sensitivity with increasing pressure 
was quite permissible. 

The sensitivity of the 0.002- by '%.-in. diaphragm was sufficiently 
ereat to permit ready detection of pressure changes of 0.1 mm Hg 
over the entire range shown in figure 9. The same was, of course, 
true for all values of diameter greater than !%_ in. However, when 
the diameter was made less than this, it was no longer possible to 
make successive readings of static pressure for a given indicator 
setting which were consistently within +0.1 mm Hg of the mean, 
nor could this precision be attained with the 0.004- by 1-in. diaphragm. 
Thus, from the standpoint of sensitivity and ability to withstand the 
service conditions, the limits 0.002 by '%. in. seemed to represent the 
practical minima to which these dimensions could be reduced. 

It may at first seem doubtful, as it did to the authors, that the 
simple mechanism of the threaded electrodes could be used to measure 
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l'iaure 10.—Highty enlarged section of pressure-deflection curve for one diaphragm, 


showing the lower sensitivity with evacuated backing space, and the reproducibility 
after successive explosions. 


the positions of the diaphragms under static pressure differences with 
the necessary accuracy, and that the position assumed by the dia- 
phragm under successive applications of the same static pressure 
would be reproducible within the same small tolerance. Such fears, 
however, have been proved groundless by many data of the type 
presented in figure 10. This figure is essentially a highly magnified 
section of the curve in figure 9 for an indicator with a 0.002- by !%¢-in. 
diaphragm. Figure 10 shows five sets of experimental pressure- 
deflection data for a limited pressure range and for one indicator. 

Between successive calibrations the diaphragm was in direct contact 
with flame and with burned gas during an explosion in the bomb. 
The two curves having the greater slopes were taken with atmospheric 
pressure in the backing space of the indicator, and the crosses, tri- 
angles, and shaded circles represent three calibrations with this 
space evacuated. 

The indicating wheel on the electrode stem was divided at its 
circumference into 120 equal spaces, each 0.067 in. wide, so that the 
position of the wheel relative to a fixed pointer could be read by an 
experienced observer to the nearest 0.05 of a division. With 48 
threads per inch on the stem of the electrode, 0.05 of a wheel division 
corresponds to an axial movement of the electrode of about 9 micro- 
inches. The fact that successive calibration points seldom deviate 

291547412 
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by more than this amount from a smooth curve strengthens tho 
belief that the errors in determining diaphragm position were usually 
within this tolerance. 

It is believed that uncertainties which might have arisen from back. 
lash were avoided by careful lapping of the threads and by the packing 
through which the stem of the electrode passed. This packing. 
which consisted of washers of leather impregnated with paraffin, was 
always under considerable hydrostatic pressure and hence offered 
constant frictional resistance to all movements of the stem. 

The data of figure 10, as well as those of many similar charts for 
other indicators at other parts of the pressure curve, also show that 
the performance of the diaphragm is not altered appreciably by 
successive exposures to flame. Experience shows that such repro- 
ducibility cannot be expected unless the diaphragms are in good 
thermal contact with a body of relatively high heat capacity (in the 
present case the slightly tapered electrode, with an area nearly as 
great as that of the diaphragm) at the time when there is direct 
contact with the flame, but subsequent to the desired functioning of 
the indicator. 


8. EFFECTS OF RADIAL TENSION IN THE DIAPHRAGMS 


Having concluded that the 0.002- by !%-in. diaphragms, mounted 
in the indicators as described, performed satisfactorily under static 
conditions, it remained to be shown that the difference in position 
assumed by such diaphragms under static and dynamic conditions 
was not greater than could be tolerated. 

Since the sensitivities of like diaphragms varied only slightly, the 
tension introduced in the flat diaphragms by the process of assembly 
must have been nearly uniform for all indicators. However, since 
the amount of deflection of the diaphragms was not directly propor- 
tional to pressure, and since the pressure in the backing space could 
be varied at will, an opportunity for studying the effect of sensi- 
tivity upon the performance of the indicators when subjected to 
rapidly rising pressure was provided. Thus, if the backing space 
was evacuated, the diaphragm had a large amount of initial deflection 
and was least sensitive. If the backing space was open to the atmos- 
phere, the sensitivity to the same pressure change was increased. If 
a balancing pressure was maintained in the backing space, the dia- 
phragm made contact with the electrode at the neutral or undeflected 
position of the former, which is the condition for maximum sensitivity. 
The results presented in figures 11 and 12 are typical of the way in 
which the sensitivity of the diaphragm influences its performance 
under the conditions prevailing during an explosion. 

The results shown in figure 11 were obtained with five different 
indicators, each set to record when the pressure had increased by 
69.00 em Hg during five successive explosions. Prior to each of the 
five explosions the sensitivities at Ap=69.00 cm Hg were determined 
from plots of the observations similar to figure 10. For 12 of the 25 
recorded values of pressure the backing space was evacuated, and 
for the other 13 the known pressure of the atmosphere was admitted 
to this space. As shown in the figure, the average sensitivity in the 
former set was approximately half as great as that in the latter. 
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One of the indicators was used with atmospheric backing pressure 
in all five explosions, and the pressure record trom this indicator 
served in each case as a purely arbitrary zero of time, from which 
differences in the time of recording of the other indicators were 
measured. The deviations of those indicators recording after the 
reference indicator are arbitrarily called positive in figure 11. 
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liaurE 11.—The negligible effect upon the time of recording produced by halving 
the sensitivity through evacuation of the backing space. 


Two conclusions of importance are apparent from this figure. 
First, the effect of changing the sensitivity by a factor of nearly 
2 is so slight that it is entirely obscured by the accidental spread of 
the results. Second, the accidental deviation from the mean is less 
than 10 microseconds, which is in turn within the error of measure- 
ment of distance upon the actual explosion records. In fact, the 
spread shown in figure 11 is of the same order of magnitude as that 
previously observed in the earlier measurements of the time lag of the 
electric circuits. So far as the performance of the indicators is con- 
cerned, there thus seems to be little choice between having the backing 
space evacuated or having it open to the atmosphere. Practically, 
however, it is easier to maintain a vacuum than any other constant 
pressure in the backing spaces. 

The results presented in figure 12 show the comparative effects of 
using the diaphragms distended by evacuation of the backing space 
or flat at the instant of contact as a result of a balancing pressure. 
These data were obtained with a preliminary form of indicators and 
before the final refinements in temperature control were adopted. 
Although some spread in the observations was doubtless produced by 
small changes in temperature, nevertheless the results furnish con- 
vincing evidence in favor of using low pressure in the backing space. 

The sensitivities of the indicators whose results are represented by 
the crosses in figure 12 were from four to eight times as great as those 
for which the cireles are used. It is at once apparent that the more 
sensitive indicators, set to record the same pressure, make contact 
later and that the spread is greater on the average for such diaphragms. 
The separate strips are for three different values of pressure rise and 
two different values of initial pressure (pp). 

_Since the sensitivity of the evacuated indicators was adequate, and 
since such indicators show less accidental spread and earlier contact 
than those with a balancing pressure, the former are preferable for the 
present purpose. 
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9, EFFECTS OF SURFACE CONDITION OF THE DIAPHRAGMS 


In order to observe the effects of the absorption of radiant energy 
during the combustion period upon the performance of the indicator, 
the inner surfaces of two of the diaphragms were painted with optical 
black, two were polished, and the other two were left with blued 
finish. 

The results obtained in seven different explosions, all six indicators 
being set to record the same pressure in each, are shown in figure 13. 
Without exception the diaphragms whose surfaces were painted 
black recorded earlier by about 40 microseconds on the average. 
However, there is no consistent difference in the time of recording of 
the blued and polished diaphragms. It is therefore concluded that 
the blued surface is as satisfactory as the polished one from the 
standpoint of absorption, and it is preferable because it does not rust 
SO readily. 


10. EFFECTS OF PROJECTIONS INTO THE BOMB AROUND 
THE DIAPHRAGMS 


During the evolution of the indicators toward the final form shown 
in figure 8, one set of these was built with steel bodies and with 0.002- 
in.-thick diaphragms soldered directly to the bodies. In the neutral 
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Fiagure 14.—Effects of projections around the diaphragm upon the time of recording. 


position none of the soldered diaphragms was entirely flat. However, 
with the backing spaces evacuated the indicators operated fairly 
well, but showed an accidental spread considerably greater than did 
the final modification. Part of this spread was due also to inadequate 
control of temperature. These instruments, having no projections 
into the bomb beyond the diaphragms, provided an opportunity for 
studying the effects of such projections. Forfthis purpose tive rings, 
having the dimensions shown at the top of figure 14, were attached 
to the explosion side of the diaphragms, whence they projected into 
the bomb when the indicators were mounted, while the diaphragm 
of No. 3 was left without any projection. 
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With all indicators set to record the same pressure, with the backing 
spaces evacuated, and with an initial pressure (p,) of 76.00 em He 
the results obtained for an observed rise in pressure of 75.50 and of 
26.25 em Hg are shown in the two strips of figure 14. In both cases 
the values of time, as shown, are reckoned from an arbitrary zero to 
avoid the use of the large numbers which would be necessary if the 
instant of firing were taken as the zero. The numbers of the observed 
points correspond to those assigned above to the projections. Indi- 
cator 1 failed to record in the run at 26.25 em Hg for some unknown 
reason. 

An examination of the results presented in figure 14 shows a random 
distribution of the observations made with the projections, about 
those of the indicator having none. Likewise, there is apparent no 
progressive effect of increasing the length of the cylindrical projec- 
tions—that is, the indicator having the longest projection (No. 2) 
records, in both cases, at a time intermediate between those having 
shorter projections (Nos. 5 and 6). It was therefore concluded that 
the effects of the projections tried were less than the accidental 
spread of the observations, and that such effects could be neglected, 
at least for the early stages of the burning, during which the most 
accurate measurement of pressures was required. Projections having 
the same dimensions as No. 5 of figure 14, were used on the final 
indicators. 


11, ACCURACY OF THE OBSERVED PRESSURES 


After devoting considerable attention to possible sources of error, 
both accidental and systematic, in the measured values of pressures 
developed during explosions, it still seems unwise to quote a probable 
error for a single observation, since too much personal judgment would 
be involved. On the other hand, the authors are at present aware of 
no modifications of the indicators shown in figure 8, or of the technique 
employed in their use, by which the accuracy of the measured pressures 
could be further improved, so far as the application for which they 
were designed is concerned. 

In the evolution of the time-pressure curve for a given explosive 
mixture, the accidental errors in the observed pressures may be 
eliminated, to a considerable extent, by the smoothing process. Thus 
it is felt that there is small chance that the final pressure relations 
deviate from the true values by more than a few tenths of a mm Hg 
at any stage of the burning for which results have been published 
(footnote 1). 

IV. CONCLUSION 


As a result of many test experiments, an indicator has been devel- 
oped for the accurate measurement of the rise in pressure produced 
by the normal burning of a gaseous explosive mixture in a bomb. 
The following conclusions, which may prove useful in designing indi- 
cators for other specific purposes, have been drawn from studies of 
the performance of special types of indicators used in the present 
development work and of the indicators finally evolved for use with 
a spherical bomb. Although some of these conclusions are not 
original, all are supported by the experimental evidence that has 
been presented. 
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Any constriction between the explosion chamber and the diaphragm 
of a pressure indicator should be avoided when high accuracy is re- 
quired, particularly when fast-burning mixtures are exploded. The 
compressed gases should have unimpeded access to the diaphragm, 
which for best results should form a part of the combustion chamber 
wall. If restrictions are unavoidable, they should! present minimum 
resistance to gas flow—thatjis, passages should be large and short, 
and backing plates should be ,thinzand,well, perforated. The volume 
at the end,of any passage should,also,be reduced to a minimum. 

The error due to a passage increases with the rate of rise in pressure, 

and hence also as the burning progresses. The error due to a thin, 
well-perforated backing plate is likely to be negligible for most pur- 
poses during the period of normal burning. 
' For explosive mixtures which tend to detonate or to burn with 
' extreme rapidity, the presence of a restriction between the combus- 
- tion chamber and the diaphragm is apt to cause abnormally high, and 
perhaps destructive, local pressures at the diaphragm. Such local 
pressures may Zexceed the maximum attained in the combustion 
chamber proper, and the indicated pressures may not apply at all 
to this chamber. Although the diaphragm cannot be relied upon to 
indicate these abnormally high pressures accurately, a qualitative 
idea of their magnitude may be obtained by observing the deformation 
produced in relatively soft diaphragms. 

An indicator capable of yielding values of pressure, with an accu- 
racy of a few tenths of 1 mm Hg, during normal explosions, should 
have the following characteristics: The diaphragm should not be 
} permanently deformed under the service conditions. The sensitivity 
to pressure difference must exceed a minimum value determined by 
the accuracy with which the pressures are to be measured. The 
' sensitivity of the diaphragm must be reduced as far as possible to 
insure that the inertia error is kept within the allowable tolerance. 
| The pressure indicators described, when fitted with spring-steel dia- 
phragms 0.002 in. thick and '% in. in effective diameter, under high 
initial radial tension, satisfy the above requirements. 
| The results of a series of tests designed to evaluate the pressure 
' error which might be expected from various sources in the use of 
such an indicator may be summarized as follows: (a) The time lag 
in neither of two electric systems used to convert an impulse from an 
indicator into a signal which could be photographed is greater than 
the accidental error in the measurement of distance on the film. 
(b) Diaphragms under high radial tension respond more rapidly to 
changes in pressure than those without such tension. In other words, 
of two indicators having diaphragms of identical thickness and sensi- 
tivity, the one having the larger diameter but considerable radial 
tension is the more reliable. (c) The effect of increasing the sensi- 
tivity of a given diaphragm to nearly twice the allowable minimum 
| is entirely obscured by the accidental spread of the results, which is 
also within the error in the measurement of distance on the film. On 
the other hand, diaphragms with from four to eight times the minimum 
sensitivity record slightly late. (d) Diaphragms having biued sur- 
faces record simultaneously with those which are polished, but when 
the inner surface is made highly absorbing, by a coat of optical black, 
a slightly earlier recording is caused by the absorption of radiant 
energy. (e) Various annular projections into the bomb around the 
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diaphragms produce no systematic effects which can be distinguished 
from the accidental spread of the observations. (f) Thinner dig. 
phragms than would otherwise be practicable may be used if the 
electrode is large so that it supports the diaphragm after contact, js 
made and removes heat after the arrival of flame. (g) The indicators 
are sensitive to changes in temperature, but when these are avoided 
contact is made within 0.1 mm Hg of the same static pressure upon 
repeated trials. 

It seems probable that the effects of accidental errors in the single 
observations can be decreased to some extent by smoothing operations 
applied to the data. Among the systematic errors, that resulting 
from inertia of the diaphragms is probably in the direction of low 
observed pressures, and that due to lag in the recording circuits jg 
certainly in this same direction. However, that resulting from th 
absorption of radiant energy by the diaphragms is in the opposite 
direction. All things considered, it is felt that there is small chance 
that the final, smoothed pressure relations deviate from the true 
values by more than a few tenths of 1 mm Hg at any stage of the 
burning for which results have been published. 


This work was conducted with the advice and financial assistance of 
the National Advisory Committee for Aeronautics. 


WasHINGTON, August 2, 1940. 
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ACTION OF ALMOND EMULSIN ON THE PHENYL GLY- 
COSIDES OF SYNTHETIC SUGARS AND ON 2-THIO- 
PHENYL d-GLUCOSIDE 


By William Ward Pigman 


ABSTRACT 


The action of enzymes of almond emulsin on the phenyl glycosides of a number 
of sugars which are not naturally occurring has been investigated. The sugars 
used were synthetic heptoses (d-a-mannoheptose and d-a-glucoheptose) and 
d-talose. The results obtained indicate that almond emulsin does not hydrolyze 
all glycosides but instead only the glycosides of naturally occurring sugars or of 
sugars Which may be considered to be derived from these sugars by a simple sub- 
stitution outside of the pyranose ring. In the ordinary glucoside the two parts 
are connected through an oxygen atom. It has now been found that the substitu- 
tion of this oxygen by sulfur atom reduces the hydrolytic action to such an extent 
that it cannot be readily measured. An explanation for this effect is given. 


CONTENTS 
I. “Sugar specificity”? of the glycosidases_ 
II. 8-Thiophenyl d-glucoside 
III. Experimental details__.._..._.___--_-- 
1. Preparation of substrate solutions___ 
2. Enzyme solution_-_-_--- 
3. Hydrolysis measurements 
(a) Phenyl glycosides_ - _- 
(b) 8-Thiophenyl d-glucoside________-_- 
4, Calculation of results_- a a oa 


I. “SUGAR SPECIFICITY” OF THE GLYCOSIDASES ' 


An explanation of the specificity to be expected of the glycoside 
hydrolyzing enzymes has been given previously.2, The fundamental 
concept involved is that each of the alpha and beta isomers and d 
and / forms of the eight basic hexose types (glucosides, galactosides, 
mannosides, talosides, gulosides, idosides, altrosides, and allosides) 
requires a special enzyme. However, glycosides which have the same 
ring conformation and which may be considered as being derived from 
one of the basic hexose types by a substitution in the aglucon group 
or for the CH,OH group will ordinarily be hydrolyzed by the same 
enzyme. Only those enzymes are to be expected in natural products 
which are capable of hydrolyzing glycosides of which the basic ring 
type is the same as that of a naturally occurring glycoside. 

_! This paper was read before the Division of Sugar Chemistry and Technology of the American Chemical 
Society at Detroit, Mich., September 1940. 
1W. W. Pigman, J. Am. Chem. Soc. 62, 1371 (1940). 
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Since the heptosides may be considered as being derived from the 
hexosides * by replacement of a CH,OH group with a CHOH-CH,0y 
group, the phenyl glycosides of d-a-mannoheptose (d-galactose type 
and d-a-glucoheptose (/-gulose type) were prepared ‘and their hydrolyz- 
ability by almond emulsin (‘‘Rohferment’’ of Helferich) was (do. 
termined. The inclusion of a-phenyl d-taloside in the study provided 
a new hexose type. The results are summarized in table 1. 


TaBLE 1.—Action of almond emulsin on phenyl glycosides 





Enzyme Effi- 
ciency (E. E.) 


Glycoside 





8-Pheny] d-a-mannoheptoside___________-- 2210-5 
a-Pheny] d-a-mannoheptoside_-__._._____._- *®0.3x10-5 
8-Pheny] d-a-glucoheptoside.__._.___...._- 8 0.3x<10-5 
a-Pheny] d-a-glucoheptoside ® 0.3X10-5 
a-Pheny] d-taloside ®0.8X10-5 














®Maximum value. No hydrolysis observed. 


The 6-phenyl d-a-mannoheptoside contains the 6-d-galactose ring 
and differs from 8-phenyl d-galactoside in having a CHOH-CH,0H 
group attached to the fifth ring carbon instead of a CH,OH group. 
For phenyl /-arabinoside, the CH,OH group is replaced by hydrogen. 
Both 6-phenyl d-galactoside and phenyl /-arabinoside are readily 
hydrolyzed by the enzymes in almond emulsin.’ According to the 
specificity concept outlined above, the hydrolysis of the heptoside is 
readily understood and the enzyme responsible for the hydrolysis of 
the three glycosides is B-galactosidase. In the earlier publication and 
before these measurements were made, these results were semiquan- 
titatively predicted (see footnote 2) in the statement that the hepto- 
sides would be more slowly hydrolyzed than the corresponding hexo- 
sides. This also agrees with the results of Helferich, Griinler, and 
Gniichtel,® who found that the rate of splitting of the 6-substituted 
beta glucosides is a function of the size of the group substituted. 

The a-phenyl d-galactoside is also hydrolyzed by almond emulsin 
(“Rohferment”’), but the f-galactosidase activity (for splitting beta 
galactosides) is 6 to 10 times that of the a-galactosidase for substrates 
with the same aglucon groups.’ The negative result obtained, for 
the hydrolysis of a-phenyl d-a-mannoheptoside, which may be 
considered to be formally derived from a-pheny] d-galactoside by the 
replacement of the primary alcohol group by CHOH-CH,OH,indi- 
cates that the influence of the increase in the size of the group attached 
to carbon 6 is more than 10 times as great for a-galactosidase as for 
the B-glucosidase. If the replacement of a hydrogen of the primary 
alcoholic group of a-phenyl d-galactoside by a CH,OH group had the 
same effect on cauilaaiaaieds action as it does on 6-galactosidase 
action, the E. E. value (“Enzyme Efficiency” or “ Wertigkeit’’) for 
a-phenyl d-a-mannoheptoside would be about 210-*. Since the 
observed E. E. is not greater than 0.3 10-5, the influence of the sub- 
stitution is greater for the a-galactosidase than for the B-galactosidase. 

+ H. 8. Isbell, J. Research NBS 18, 505 (1937) RP990. 

#W. W. Pigman and H. S. Isbell. Work not yet published. 

5 B. Helferich, Ergeb. Enzymforsch. 7, 83 (1938). 

* B. Helferich, S. Griinler, and A. Gniichtel, Z. physiol. Chem. 248, 85 (1937). 


7 B. Helferich, 8. Winkler, R. Gootz, O. Peters, and E. Giinther, Z. physiol. Chem. 208, 91 (1932); W. W. 
Pigman, Z. physiol. Chem. 261, 82 (1939). 
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The action of the almond emulsin on a number of methyl hepto- 
sides has been reported previously.’ It was found that no appreciable 
action of almond emulsin could be detected on the alpha and beta 
methyl glycosides of the following sugars: d-gulose, d-a-glucoheptose, 
i-lyxose, and d-a-galaheptose (alpha isomer only). It was empha- 
' sized at that time that the phenyl glycosides are much better materials 
for such measurements than the methyl glycosides and that, particu- 

larly for the methyl lyxosides, the results were indecisive. <A repeti- 
' tion of the work, using the phenyl] derivatives, was indicated as being 
important. This was done for the a-phenyl d-lyxoside, and the 
' results showed a positive action by the almond emulsin, the enzyme 
responsible being most probably a-mannosidase (see footnote 2). In 
| the present paper the results obtained for the methyl d-a-glucohepto- 
sides have been confirmed by the use of the phenyl glycosides. The 
' yalues given in the table indicate that these glycosides can with 
- reasonable certainty be classified as unhydrolyzable (EK. E.<10~). 
As shown in table 2 (see Experimental Details) no detectable hydrol- 
ysis could be observed, in spite of the use of high enzyme concentra- 
tions and extended reaction periods. 

The a-phenyl d-taloside differs from the a-phenyl d-mannoside 
only in the configuration of the second carbon atom of the ring. Al- 
though the latter substance is very easily hydrolyzed by almond 
emulsin (KE. E.=14,000X10~°),® the taloside is not appreciably 
hydrolyzed and the maximum value for the enzyme efficiency (E. E.) 
is 0.81075, or less than 1/14,000th of that for the mannoside. 


II. 6-THIOPHENYL d-GLUCOSIDE 


As a result of the cooperation of C. S. Hudson and C. B. Purves, 
it has been possible to study the action of the sweet-almond emulsin 
on £-thiophenyl d-glucoside. This substance differs from $-phenyl 
i-glucoside (a very easily hydrolyzable substance with an E. E. value 
of 33,000 X 1075), only in that the glucosidic linkage is through a sulfur 
' rather than through an oxygen atom. A previous study * of the ac- 
tion of almond emulsin yielded negative results, but as the enzyme 
preparation now available is very much more active than those pre- 
' viously used, the earlier results could not be considered as conclusive. 
| Thiophenol does not react quantitatively with iodine under the con- 
ditions used for the measurement of the enzymatic hydrolysis of the 
phenyl glycosides, and therefore the usual iodometric method could 
not be employed. Instead, the optical rotations before and after the 
reaction period were measured. ‘The results given in the experimental 
part (table 3) show that if any bydrolysis takes place it is too small 
to be detected by the method used and a maximum value for the 
enzyme efficiency is 10°. However, in these experiments, in contra- 
| distinction to those of Fischer and Delbriick, a distinct odor of thio- 
phenol developed in the reaction mixture. Apparently a little 
hydrolysis takes place, but even if the enzyme responsible is 6-glu- 
cosidase, the rate is so slow as to place the thiophenyl glucoside at 
| the border of the unhydrolyzable class. Additional investigation is 
required, 

'B. Helferich, W. W. Pigman, and H. 8, Isbell, Z. physiol. Chem. 261, 55 (1939). 


9B, Helferich and 8. Winkler, Z. physiol. Chem. 209, 269 (1932). 
“ E. Fischer and K. Delbriick, Ber. deut. chem. Ges. 42, 1476 (1909). 
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It is desirable, however, to explain this great difference in the 
enzymatic hydrolysis of the oxygen and sulfur glucosidic linkages, 
According to the classical conception of the mechanism of action of 
the carbohydrases, the substrate is adsorbed by the enzyme or forms 
an intermediate compound with the enzyme. The adsorption com- 
plex or intermediate compound upon decomposition yields the prod- 
ucts of hydrolysis and the enzyme. The change in the glucosidic 
bridge from an oxygen to a sulfur atom could then affect (1) the for. 
mation of the enzyme-substrate intermediate or (2) the splitting of 
the glycoside. Since all the groups in the thiophenyl and pheny| 
d-glucosides are the same except the atom connecting the sugar and 
benzene residues, it is unlikely that the formation of the enzyme sub- 
strate intermediate would be greatly affected unless the bridge atom 
itself is directly involved in the formation of the complex. The results 
obtained with the phenyl and thiopheny] d-glucosides might be inter- 
preted in favor of a bonding of the bridge atom of the glucoside to 
the enzyme, a mechanism which has been suggested by Josephson. "! 
However, another possible basis for this great difference in the en- 
zymatic hydrolyzability may lie in the effect of the splitting of the 
glucoside while it is a part of the enzyme-substrate complex. As 
shown by Purves,'® 6-thiophenyl d-glucoside is extremely resistant to 
acid hydrolysis; and under conditions which hydrolyze the disaccharide 
linkage of 6-thiopheny! lactoside with the liberation of galactose, the 
8-thiopheny] glucoside, also formed, is unaffected. Although for most 
glucosides there is no simple correlation between the ease of acid and 
of enzymatic hydrolysis," it seems probable that for the thiopheny! 
d-glucoside this factor becomes important. The implications of this 
possibility to the mechanism of the splitting process will be discussed 
in a future publication. 

The measurements reported in this paper agree with the specificity 
theory previously described, but study of additional hexose types is 
desirable. The d-mannose, d-glucose, and d-galactose types have 
been thoroughly investigated by Helferich and coworkers. The 
a-d-talose type has been studied in the present report, and the d- 
gulose types, although they have been investigated (see footnote 8), 
require additional study. For one synthetic sugar at least, a complete 
investigation of the a- and $-phenyl d- and /-glycosides should be 
made. Since, according to the specificity concept previously ex- 
pressed, pentosidases may exist, the enzymatic hydrolysis of the 
phenyl d-ribosides should be investigated. This sugar occurs in 
natural products, but the hexoses with similar ring conformations 
(d-allose and I[-talose) “, as far as is now known, are not found in 
natural products. 


III. EXPERIMENTAL DETAILS 
1. PREPARATION OF SUBSTRATE SOLUTIONS 


The preparation and properties of the substrates are described in 
another place.“ The particular samples of glycosides used for the 
present investigations were those for which the rotations have been 


1 K. Josephson, Z. physiol. Chem. 147, 146 (1925). 

117C, B. Purves, J. Am. Chem. Soc. 61, 3627 (1929); see also Fischer and Delbriick (footnote 10). 

3B. Helferich, H. Scheiber, R. Streeck, and F. Vorsatz, Liebigs Ann. Chem. 518, 211 (1935); Josephson 
(page 88 of reference in footnote 11); R. Kuhn and H. Sobotka, Z. physik. Chem. 109, 65 (1924). = 

* H. 8. Isbell and W. W. Pigman, J. Research NBS 18, 141 (1937) RP969; H. S. Isbell, J. Research NBS 
18, 505 (1937) RP990. 

18 W. W. Pigman and H. 8. Isbell. Work not yet published. 
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reported, except the 6-phenyl d-a-mannoheptoside, which contained 
about 5 percent of the alpha isomer ({a] 7=30.1). The 6-thiophenyl 
| qdclucoside was a samp!. of the material made by C. B. Purves and 
was furnished by the courtesy of C.S. Hudson. The material had a 
specific rotation of [a] 7?=69.9. 

The ‘standard concentration” for the measurements made by 
Helferich and coworkers has been 40 mg of phenyl glucoside (an- 
hydrous) in 2 ml of approximately 0.2 N acetate buffer solution 
(pH 5.0 at 18° C). The concentration in the reaction mixture is 
» 9.052 M. In the present work this or a molecularly equivalent con- 
' centration was adhered to only for the 6-phenyl d-a-mannoheptoside 
' and the 6-thiophenyl d-glucoside because of the low solubilities of 
' the other compounds. For the a-phenyl d-a-mannoheptoside and 
 a-phenyl d-a-glucoheptoside, 0.2235 g was dissolved in 25 ml of the 
buffer solution; and for the a-phenyl d-taloside and §-phenyl d-a- 
clucoheptoside, 0.2000 g was dissolved in 25 ml of buffer solution. 


2. ENZYME SOLUTION 


A 2.5-g portion of sweet-almond emulsin (a sample of ‘ Rohferment”’ 
furnished by the courtesy of B. Helferich '*) was triturated with 100 
ml of water and allowed to stand for 18 hours at 5° C. The super- 
natant solution was filtered through a thin layer of diatomaceous 
earth. The filtrate was the enzyme solution used. The residue 
' which was obtained by evaporating 10 ml of this solution to constant 
weight in a vacuum desiccator over calcium chloride weighed 0.1782 g. 
The 6-glucosidase value was 1.02.” 


3. HYDROLYSIS MEASUREMENTS 
(a) PHENYL GLYCOSIDES 


| The extent of hydrolysis of the substrates was measured by deter- 
mination of the amount of sugar and phenol formed from the glycoside. 
This was done by measuring the amount of iodine which reacted in 
alkaline solution with an aliquot portion of the reaction mixture. It 
has been shown * that 1 mole of sugar and 1 mole of phenol react with 
8 equivalents of iodine (6 for the phenol and 2 for the sugar). The 
experimental conditions used are similar to those described by Cajori,” 
except that potassium carbonate rather than sodium carbonate is used. 
The experimental details of the method of making the measurements 
will now be described. 
| Method.—The substrate and enzyme solutions were placed in a 
thermostat maintained at 30° C. When the solutions had reached 
| the bath temperature, 6 ml of the substrate solution was placed in a 
test tube and 3 ml of the enzyme solution was added. For the 
§-phenyl d—a—mannoheptoside, 2 ml of substrate solution and 1 ml 
of enzyme solution were used. The solutions were mixed and the 
reaction mixture was kept at 30.1°+0.2° C for a measured time. The 
extent of hydrolysis was determined by pouring the contents of the 
test tube into a mixture of 7.5 ml of 15-percent potassium carbonate 
solution and 50 ml of 0.1 N iodine solution (containing 4 percent of 
potassium iodide). The solution remaining in the test tube was 


‘’ B, Helferich, S. Winkler, R. Gootz, O. Peters, and E. Gunther, Z. physiol. Chem. 208, 91 (1932). 
" R, Weidenhagen, Z. Ver. deut. Zuckerind. 79, 597 (1929). 

‘* B. Helferich, H. Appel, and R. Gootz, Z. physiol. Chem. 215, 277 (1933). 

“FA, Cajori, J. Biol. Chem. 54, 617 (1922). 
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washed into the iodine solution with 10 to 20 ml of water. After 39 
minutes, 30 ml of 3 N sulfuric acid was added to the reaction mixture 
and the excess of iodine was titrated with 0.1 N sodium thiosulfate 
The amounts of iodine used by the various glycosides are given jn 
table 2. Blank experiments to determine the amount of iodine used 
up by the substrate and enzyme solutions alone were made on (1) g 
solution containing 6 ml of substrate solution and 3 ml of water, and 
(2) a solution containing 6 ml of buffer solution and 3 ml of enzyme 
solution (or 2 ml to 1 ml for the B-phenyl d-a-mannoheptoside) 
The column in table 2 headed “‘iodine corrected” indicates the amount 
of iodine used by the products of hydrolysis of the glycosides. JJ 
experiments were carried out in the presence of toluene, which was 
used as an antiseptic. 


(b) 8-THIOPHENYL d-GLUCOSIDE 


The extent of hydrolysis was determined polarimetrically by meas. 
uring the rotation of a solution of the 8-thiophenyl glucoside in the 
presence of almond emulsin. Although ordinarily 0.2 g of potassium 
carbonate is added to stop the hydrolysis and to hasten the mutaro- 
tation reaction, this was not necessary in these experiments and no 
alkali was used. 

The reaction solution was prepared as described above by mixing 
2 ml of substrate solution and 1 ml of enzyme solution and then add- 
ing 8 drops of toluene. The stoppered test tubes were kept for 11 or 
18 days at 30.1°+0.3° C. The solutions, which were cloudy and 
which had a strong odor of thiophenol, were filtered, placed in 1-dm 
tubes, and read at 20° C with a Bates saccharimeter. The corrected 
values given were obtained by subtracting from the observed rota- 
tion the rotation of a similar solution containing no thiopheny!] gluco- 
side. The observed values are given in table 3. 


4. CALCULATION OF RESULTS 


The results of Josephson * and others 7 have shown that in the 
concentration range ordinarily employed, the velocity constants for 
the splitting of a B-glucoside by B-glucosidase (at a constant initial 
glucoside concentration) are directly proportional to the enzyme con- 
centration. In order to compare the rates of splitting of various 
glycosides, the ‘Enzyme Efficiency” (E. E., or “Wertigkeit” of 
Helferich) is calculated according to the following formula: ” 


a 
~ g (log 2)’ 


where k=the velocity constant in minutes and decimal logarithms for 
0.052 M solution of substrate at 30° C and at pH=5.0, and g=grams 
of enzyme in 50 ml of reaction solution. This formula is a modifica- 
tion of the method suggested by Euler and Josephson * for the ex- 
pression of enzyme activity. For the comparison of various sub- 
strates, molecularly equivalent concentrations are used when pos- 
sible, although it has been pointed out that a better comparison for 
some purposes could be made by the use of equivalent concentrations 
of the enzyme-substrate compound.** 

20 K. Josephson, Z. physiol. Chem. 147, 22 (1925). 

21 B. Helferich, unpublished results. 

22 B. Helferich and H. Appel, Z. physiol. Chem. 205, 231 (1932). 


% H. v. Euler and K. Josephson, Ber. deut. chem. Ges. 56, 1749 (1923). 
24K. Josephson, Z. physiol. Chem. 147, 141 (1925). 


E. E. 





Pigneel Action of Enzymes on Glycosides 203 

When the solubilities of the substrates are too small for the usual 
concentration to be used, it is customary to measure salicin or a simi- 
lare well-studied glucoside at the same concentration and then to 
assume that the relative rates observed at the lower concentration 
hold as a first approximation at the higher concentrations. This is, 
however, objectionable if the substrate concentrations of both glyco- 
sides are not great enough to practically saturate the enzyme. 


TaBLE 2.—Action of almond emulsion on phenyl glycosides 


[t=30.10.3° C; 0.297 g of ““Rohferment”’ in 50 ml of reaction mixture.] 











: = 
;} O1N | 0.1 Niodine | | 

Time iodine | used (cor- | Hydrolysis kX105 | E. E.X105 
| used rected) | 





B-PHENYL d-a-MANNOHEPTOSIDE 





| 
Minutes ml | ml Percent 
9, 900 6. 08 4. 63 37.0 | 
18, 720 8. 53 7.08 56.6 | 
fee) ee ” wan | wececcee 
18, 720 8 1. 32 ‘ pee 
18,720> | 0.13 | a 





a-PHENYL d-a-MANNOHEPTOSIDE 





18,660 | 4, | +0. 26 

30,240 | 392 | 0.20 
© ie | © (14. 99) 

30,2408 | 3. § or . 


| 
| 
30, 240 > | 
| 





a-PHENYL d-TALOSIDE 





18, 660 5.20 | +0.94 
30,240 | 497 | 440.71 
© L coetecwe, 1 CRERGR) 
30,2408 | 3.94 | __L. 
30, 240 > 0. 32 | 








30, 400 —0, 


| | 
18, 660 a | i 
7 
| © (14. 99) 


@ 
30, 400 ® 
30, 400 > 


| 
| 
| 

















18, 660 i 
30, 400 le —0. 26 

@ aecans © (13, 42) 
30, 400 ® 
30, 400 > 








* Enzyme blank. 

> Substrate blank. 

* Calculated value for 100-percent hydrolysis. 

d ao for 1.9 percent hydrolysis. This would correspond to a corrected iodine consumption of 
).25-0.30 ml. 
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TABLE 3.—Action¥of almond emulsion on p-thiophenyl glucoside 





Rotation Maximum 
E. E.> 


rime (correted)® 





Minutes °S 
0 —2.97 ao 

15, 800 —3. 03 ; ‘. 

25, 900 —2. 86 9X10-6% 
a © (1. 42) 











I 





® In 1-dm tubes; corrected for rotation of enzyme (—0.30). 
b Calculated for a decrease in rotation of 0.20°S. 
e Calculated for 100-percent hydrolysis. 


WasHINGTON, December 17, 1940. 
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By Arnold M. Sookne and Milton Harris ! 


ABSTRACT 


A study has been made of the base-binding capacity of cotton, using silver and 
calcium as the cations. Electrodialyzed dewaxed cotton was found to bind a maxi- 
mum of 0.065 milliequivalent per gram of either of these cations, and electro- 
dialyzed depectinized cotton only 0.010 milliequivalent. These values confirm 
previous estimates of the carboxy! contents of these samples, obtained by titration 
with acid. The identity of the base-binding capacities when monovalent and 
divalent ions are used is a strong indication that the binding of these ions results 
from an acid-base reaction rather than from some indefinite adsorption process. 
This conclusion was substantiated by esterifying the acidic groups of electro- 
dialyzed depectinized cotton with diazomethane, which thus reduced the base- 
binding capacity to nearly zero. 

It is shown that the maximum silver-binding capacity can be obtained only by 
the use of the silver salt of a very weak acid. When thesalt of astrong acid is used, 
a sufficient number of hydrogen ions are in the solution to compete with the silver 
ions for the acidic groups of the fiber. 

The silver-binding capacities of electrodialyzed dewaxed and electrodialyzed 
depectinized cotton are greater than those of dewaxed and depectinized samples, 
respectively. This result is explained in terms of competition of silver ions with 
the cations already on the acidic groups of the fiber. 

The number of acidic groups in depectinized cotton is not altered by progressive 
treatment of the fiber with alkali, a fact which lends support to the tentative 
conclusion that the acidic groups in depectinized cotton are an integral part of the 
cellulose molecule. 
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I. INTRODUCTION 


Cotton and other naturally occurring cellulosic materials bind acid 
by an exchange process in which the hydrogen ions of the acid replace 
the cations associated with acidic groups of the fiber [1, 2].2_ By appli- 
cation of this concept of ion-exchange to an investigation of the acidic 
properties of cotton, it has been possible to tentatively allocate the 


' Research Associates at the National Bureau of Standards, representing the Textile Foundation. 
* Figures in brackets indicate the literature references at the end of this paper. 
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acidic groups to the principal constituents of the fiber [2]. Thus, iy 
mature cotton, most of these groups are part of the pectic substance: 
those not in the pectic substance are assumed to be part of the cellulose 
molecule. Considerable interest is attached to the latter assumption. 
especially since, if true, it might shed some light on the complex 
cellulose molecule. Po | 

In order to further study the acidic properties of cotton, our earlier 
work has now been extended to include the direct estimation of the 
acidic groups in the fiber by titration with base, using both monovalent 
and divalent cations. 


II. EXPERIMENTAL PROCEDURE 
1. MATERIALS 


All the measurements were made on cotton from the same batch 
used in the earlier work [2]. The preparation of samples of ‘dewaxed 
cotton” by extracting raw cotton with alcohol and of “depectinized 
cotton” by extracting dewaxed cotton with alkali has been described [2], 

Some samples of dewaxed and of depectinized cotton were freed of 
their cationic ash by an electrodialytic procedure as follows: About 
75 g of cotton was wetted out with a 0.01 M solution of hydrochloric 
acid at room temperature, and then electrodialyzed in a large cell 
until the conductance of the liquid in contact with the fiber approached 
that of distilled water. Quantitative determinations showed that the 
cationic ash of these samples was less than 0.004 M-eq/g (milliequiva- 
lent per gram). These samples will henceforth be referred to as 
“electrodialyzed dewaxed” or “electrodialyzed depectinized”’ cotton. 

All samples were conditioned at 21° C and 65-percent relative hu- 
midity before weighing. The moisture contents of the fibers were 
determined by drying representative samples at 105° C for 2 hours 
in a vacuum oven. 

2. METHODS 


(a) DETERMINATION OF THE SILVER-BINDING CAPACITY 


Samples of cotton weighing about 5 g and containing a known 
amount of moisture were immersed in 100-ml portions of solutions of 
silver salts at 25° C. The amount of silver bound by the sample 
was determined by titration of 50-ml aliquots of the original solution, 
and of the solution in equilibrium with the sample, using the Volhard 
method [3]. Preliminary measurements at several concentrations 
of silver ion indicated that equilibrium is attained in about 24 hours 
at 25° C. 

The solution of silver o-nitrophenolate used in some of the measure- 
ments was prepared by adding an excess of silver oxide to a solution 
of o-nitrophenol at 70° C, and then filtering off the undissolved 
material. The silver o-nitrophenolate solutions were therefore 
saturated with respect to silver oxide. 


(b) DETERMINATION OF THE CALCIUM-BINDING CAPACITY 


The calcium-binding capacity was determined by the electrodialytic 
method previously described [4]. In the present investigation, 
however, a six-unit apparatus was used [5], and each of the determina- 
tions reported represents the mean of four determinations, corrected 
for two blanks. 
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(c) DETERMINATION OF pH 


pH values of the suspensions were measured with a McInnes and 
! Belcher-type glass electrode and a vacuum-tube potentiometer, using 
» « cathode-ray tube as null indicator. The pH values were referred 
' to potassium acid phthalate, 0.05 M, to which was assigned a pH 
F value of 4.01 [6]. 


(d) TEMPERATURE 


The solutions of silver salts in contact with the fiber were kept at 
F 95° +0.02° C. 


et 


III. RESULTS AND DISCUSSION 
1. COMBINATION WITH SILVER IONS 


The use of silver salts for the determination of carboxyl groups in 
' cellulosic materials has been suggested by Rath and Dolmetsch [7]. 
They found that only very little silver was bound by the fibers in 
silyer nitrate solutions but that a significant amount was bound in 
solutions of silver acetate. The latter salt was accordingly suggested 
for use in this connection. As is shown below, however, not all of the 
carboxyl groups bind silver when the cellulosic material is immersed 
in a dilute solution of silver acetate. 

The combination of electrodialyzed dewaxed or depectinized cotton 
with silver ion may be represented by the equation 


R—COOH-+ AgA=R—COOAg+HA, (1) 


where —COOH represents the acidic groups of the fiber, and AgA 
represents the particular silver salt under consideration. The extent 
to which the reaction takes place is determined principally by the 
competition of silver with hydrogen ions for the acidic groups of the 
fiber. When silver nitrate is used, a strong acid (nitric) would be 
formed according to eq 1, and this would result in a relatively high 
concentration of hydrogen ions. Under such conditions, not all of 
the acidic groups of the fiber would be expected to bind silver. If, 
however, a salt such as silver acetate is used, a weaker acid (acetic) 
is formed and accordingly a greater amount of silver is bound. When 
silver o-nitrophenolate is used, a still weaker acid (o-nitrophenol) is 
formed and the amount of silver bound correspondingly increases. 

In dewaxed cotton, or in depectinized cotton which has been washed 
with calcium hydroxide, the acidic groups are already in the salt form, 
and the reaction of these fibers with the silver salts may therefore be 
represented by the following equation: 


R—COOM+AgA=R—COOAg+MA, 


where M represents the cations in the cotton. 

Here the extent to which the reaction takes place is determined 
principally by competition of silver ions with these cations for the 
acidic groups of the fiber. This system, however, is considerably 
more complex than that shown in eq 1, since M may represent a num- 
ber of different cations. In addition, it must be pointed out?that 
hydrogen ions will also be present (because of hydrolysis of the silver 
_ AgA), and these will also compete for the acidic groups of the 

er. 
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It is obvious that where cations are already in the fiber or wher 
competition of hydrogen ion (formed according to eq 1) becomes 
appreciable, combination with silver ions may be increased by jp. 
creasing the concentration of silver salt. Unfortunately, data ob. 
tained at higher concentrations of salt are subject to an error arising 
from the selective sorption * of water by the fibers, and for this reason, 
concentrations above 0.01 M are avoided in the present work. 

The combination of electrodialyzed dewaxed and electrodialyzeq 
depectinized cotton as a function of concentration of silver (at equi- 
librium) is shown graphically in figure 1. The data were obtained jp 
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Figure 1.—Combination of electrodialyzed dewaxed and of _ electrodialyzed 
depectinized cotton with silver ion at 25° C. 


silver o-nitrophenolate solutions. The pH values of the solutions 
were high enough in all of these experiments so that there could be no 
appreciable combination of hydrogen ions by the acidic groups of the 
fiber. The flattening of the curves at higher concentrations indicates 
that the maximum silver-binding capacity has been approached. 
Since the maximum concentration of the silver-salt solutions is less 
than 0.01 M, no correction for the selective sorption of water by the 
cotton need be made. Analysis shows that both of the curves of 
figure 1 conform approximately to the mass-action law, as would be 
expected. 

Table 1 gives the results of measurements of the silver-binding 
capacity of the different samples of cotton which were immersed in 
0.01-M solutions of silver nitrate, silver acetate, and silver o-nitro- 
phenolate. Each of the results represents the mean of two determina- 
tions which agreed within 0.001 M-eq/g. 


3 The effect of this phenomenon and the method of correcting for it are discussed elsewhere [2]. 
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TaBLE 1.—Silver-binding capacity of samples soaked in 0.01 M solutions of various 
, silver salts 


| 1 P Silver Equilib- 
Sample } Sc ) 1 ; 
Sample | lution bound | rium pH 


. M-eq/g 
Electrodialyzed dewaxed cotton. _......-..-. Silver nitrate..........- 0.021 
Do a Seeseanans Silver acetate ---_- . 047 


Do EAN? ; Silver o-nitrophenolate ; . 066 
Dewaxed cotton. --- aaa Silver nitrate.........- . 036 
| ea Ase ; Silver acetate. --....._-- . 035 
Do ‘ Silver o-nitrophenolate . 046 


Electrodialyzed depectinized cotton _- - . eee — O11 














Lime-washed depectinized cotton --~___--. a do act mae . 009 


In accord with the above discussion, it was found that the silver- 
binding capacities of electrodialyzed dewaxed and _ electrodialyzed 
depectinized cotton increased as the hydrogen-ion concentration of 
the solution in equilibrium with the samples decreased. When silver 
o-nitrophenolate was used, the final pH was above 7, and accordingly 
the competition offered by the hydrogen ions is practically negligible. 
Thus, the values of 0.066 and 0.011 M-eq/g obtained by titrating 
electrodialyzed dewaxed and electrodialyzed depectinized cottons, 
respectively, with this salt may be considered to be the base-binding 
capacities of these materials. The values obtained with this salt are 
in excellent agreement with the earlier estimates of the content of 
acidic groups [2]. 

The data also show that when the cotton samples are not freed of 
their cationic ash by electrodialysis, the maximum silver-binding 
capacity is not attained under the conditions of these experiments, 
even though the pH of the equilibrium solution may be above 7. 
This may be explained as resulting from competition between silver 
ions and cations already on the fiber, as shown in eq 2. It should be 
noted that according to this equation, silver ions of the solution are 
exchanged with cations, such as calcium, rather than with hydrogen 
ions. The result of this exchange should be a smaller decrease of the 
initial pH values of the solutions. The data of table 1 show that the 
pH values of corresponding solutions are indeed higher for the samples 
that were not electrodialyzed, and as a result, competition of hydro- 
gen ions for the acidic groups is lowered. Thus, when silver nitrate 
solutions are used, the hydrogen-ion concentration of the solution in 
equilibrium with the dewaxed cotton is considerably lower than that 
of a similar solution in equilibrium with the electrodialyzed dewaxed 
cotton, and a corresponding difference in silver-binding capacities is 
observed. 

2. COMBINATION WITH CALCIUM IONS 


It has been shown elsewhere [4] that an estimate can be made of 
the number of acidic groups of cotton by engaging these groups with 
tightly held cations, such as calcium, followed by electrodialytic 
determination of the cation content of the sample. In the present 
investigation, samples of electrodialyzed dewaxed and electrodialyzed 
depectinized cotton were treated for 2 hours with a large excess of a 
0.01 M solution of calcium acetate, and then washed in running dis- 
tilled water for an additional 2 hours in order to remove unreacted 
calcium acetate. Determination of the cation contents showed that 
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the electrodialyzed dewaxed sample bound 0.064 and the electrodj- 
alyzed depectinized, 0.010 M-eq/g of calcium ion. Both values agree 
well with those obtained by titration with silver o-nitrophenolate, gs 
well as with the earlier estimates from the acid-binding determing. 
tions [2]. 


3. THE ACIDIC GROUPS IN DEPECTINIZED COTTON 


Since the same number of equivalents of calcium, silver, and 
hydrogen ions are bound by depectinized cotton, it may be concluded 
that both valences of the calcium are satisfied by the acidic groups of 
the fiber. This is of considerable significance, inasmuch as it strongly 
indicates that the phenomenon being investigated is an acid-base 
equilibrium and not some indefinite adsorption process. Further ey}- 
dence favoring this view has resulted from another type of experiment, 

When electrodialyzed depectinized fibers * were treated for a short 
time with a solution of diazomethane in ether and then‘washed with a 
solution of calcium acetate, it was found that they bound less than 
0.001 M-eq/g of calcium. In other words, the acidic groups appear to 
be readily esterified by treatment with diazomethane, and are no 
longer available for reaction with base. 

It was suggested earlier [2] that the acidic groups in depectinized 
cotton might well be a part of the cellulose molecule, especially since 
the experimental evidence did not favor the alternative possibilities 
that the groups might be present as the result of incomplete removal 
of the pectic substance or of the protein fraction during purification 
treatments. Assuming this to be true, the question still arises as to 
whether these groups were in the original cellulose or whether they 
were produced during the purification treatment of the fiber with 
alkali. In favor of the former possibility are the following experi- 
mental results. Dewaxed cotton contains 0.065 M-eq/g of acidic 
groups. The pectic substance of the cotton contributes 0.055 M-eq/g, 
as shown by direct uronic acid determinations [8]. The difference, 
0.010 M-eq/g, is exactly equal to the number of acidic groups found in 
the depectinized cotton. 

It is conceivable, of course, that the acidic groups, other than those 
of the pectic substance, are in substances which are removed during 
purification of the fiber, and that the acidic groups found were formed 
by oxidation of the cellulose during treatment with alkali.’ This 
would necessitate the formation of 0.010 M-eq/g of acidic groups, the 
same number as would be removed during the purification treatment. 
Such a coincidence appears to be rather unlikely. However, if it is 
assumed that such a reaction does take place and proceeds slowly, then 
it would be expected that the content of acidic groups would steadily 
increase during the treatment of the fiber with alkali. Such changes 
would be detectable by methods described in the present paper. If 
the reaction proceeds very rapidly, so that it might go to completion 
even before complete removal of the pectic substance, the question 
whether the acidic groups in depectinized fibers are in the naturally 
occurring fiber or are produced during purification treatments cannot 
be answered at this time. Nevertheless, it appeared advisable to 

‘It is necessary to use fibers that are essentially ash-free, since the presence of cations on the acidic groups 
prevents their reaction with diazomethane. 


‘ Although precautions are taken to keep oxygen from the system, it is not possible under these conditions 
to rigorously exclude it. 
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measure the base-binding capacity of samples purified for different 
lengths of time by extraction with a boiling 1-percent solution of 
sodium hydroxide. The results are shown in table 2, and clearly indi- 
cate that no significant progressive changes in the acidic properties of 
the fiber have been produced, even after 16 hours of treatment with 
alkali. Thus, the possibility of slow formation of these acidic groups 
during the depectinizing treatments is also eliminated. 


TaBLE 2.—Cation-binding capacity of cotton samples as a function of duration of 
depectinizing treatment 


! 

Duration of | 
alkali treat- |Silver bound 
ment | 


Calcium 
bound 


hr M-eq/9 M-eq/9 
2 0.010 0.011 
4 .010 . 009 
8 .O11 . 009 
16 .O11 .010 
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SOME FACTORS AFFECTING THE PROPERTIES OF 
CERAMIC TALCOSE WHITEWARE 


By R. F. Geller and A. S. Creamer 


ABSTRACT 


Taleose bodies of 12 different compositions were formed by (1) pressing, (2) 
hand-wedging and extrusion, and (3) hand-wedging, deairing, and extrusion. 
fhey were heated on six different schedules: to cone 4 in 16 and in 24 hours; 
to cone 6 in 9, 16, and 24 hours; and to cone 8 in 24 hours. Determinations were 
made of such properties as shrinkage, absorption, strength, and linear thermal 
expansion. Conclusions are expressed regarding the effects of the various forming 
methods and heating schedules on the properties. 
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I. INTRODUCTION 


The bodies used in this study are modifications of talcose bodies 
previously reported on,' and are designed to be vitrified, or nearly so, 
after heating in the range from cone 4 to cone 6 (approximately 1,165° 
to 1,190° C). 

The primary purpose of the work was to provide data on the effects 
of dry-pressing versus plastic forming, of deairing versus hand-wedg- 
ing, and of various heating rates, on such properties of the bodies as 
absorption, shrinkage, and strength. Data were obtained also on the 
precision of values obtained with specimens made by the different 
wethods, which data may be of assistance in the development of 
standardized methods for testing clay products. 

The ultimate purpose was to assist those manufacturers of ceramic 
whiteware who are interested in the possibility of producing vitrified 
ware of good quality at temperatures sufficiently lower, and on heating 
schedules sufficiently shorter than those now common, to effect a real 
economy. 


'R. F. Geller and A. S. Creamer, J. Am. Ceramie Soc, 20, 137 (1937). 
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II. MATERIALS USED AND METHODS OF FORMING 
AND TESTING THE SPECIMENS 


The materials used are listed in table 1. This table shows also the 
combinations in which they were used to form the 12 bodies investj- 
vated. 

The first tale listed in table 1 contains 6.9 percent of CaO and js 
from New York State, the next two contain 1.6 and 0.3 percent, 
respectively, and are from California, and the fourth contains a trace 
of CaO and is from Manchuria. The details of chemical composition 
have been published.? 

The chemical composition of each kaolin and ball clay, and of the 
feldspar, has appeared in several previous reports, of which the most 
recent is National Bureau of Standards Research Paper 1311.8 


TABLE 1.—Compositions of laboratory-prepared bodies 





Body number— 
Material ee ee oe ee 
33 | 34 | 35 


Tale (CaO, 6.9%) --- 

Talc (CaO, 1.6%)----------- 
Talo (CaO, 0.3%)...--..-.-- 
Tale (CaO, trace) ¢-___- 
Florida kaolin - - : 
North Carolina kaolin 
Tennessee ball clay A 
Kentucky ball clay 


Tennessee ball clay B i “20. 


Flint... .-. a 
Flint reground® 
ee 











fe 
rv) 




















Feldspar_.--- peeeanees fF Ta ET 15 | 16. 1] 15 | 4 15 
| 4 ‘ j f 


* Practically pure talc, previously reported on in J. Research NBS 15, 55 (1935) RPS848. 
’ The maximum nominal diameter of particles, by microscopic examination, was 35 microns. 





The “flint” used is pulverized quartz of commercial grade, for which 
the determined Fe,Q;, nonvolatile residue, and ignition loss totaled 
0.38 percent. The tripoli was supplied by a manufacturer of white- 
ware and was not analyzed. 

The bodies were prepared in batches of 501b each. As a preliminary 
step, each ball clay was made into a thin slip with water, passed through 
a No. 200 U.S. Standard Sieve, and then dried and pulverized. The 
body mixtures were ground wet in ball mills for 2 hours, passed 
through a No. 100 sieve and a magnetic separator, and filter-pressed. 
The press-cakes were then placed in damp storage. 

After an interval of not less than 2 weeks, a portion of each body 
was hand-wedged to a good workable consistency (as judged by feel) 
and extruded as rods % in. in diameter and cut to suitable lengths. 
Another portion of each body was air-dried, crushed to pass a No. 30 
sieve, made up by hand with 10 percent of water, again passed 
through a No. 30 sieve, and pressed into bars approximately 6% in. 
long by % in. wide by %. in. thick under a pressure of about 1420 
lb in.? (100 kg em?). A hole was drilled at one end of each bar, 
and the bars were hung while being heated in the kiln. The bars 
were hung in order that they might remain free from warpage during 


1 See footnote 1, and also R. F. Geller and A. 8. Creamer, J. Am. Ceramic Soc, 18, 259 (1935). 
RR. F. Geller and E. N. Bunting, J. Research NBS 25, 15 (1940) RP1311. 
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Figure 1. Specimens made by dry-pressing and hung during heating. 


llustrate ‘‘no deformation”, ‘‘slight deformation”, and ‘‘considerable deformation’, during heating 
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FIGURE 


3. 





Electrically heated tunnel kiln. 
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the heating, and also to provide a relative measure of their resistance 
to deformation (fig. 1). These rods and bars were made in 1937, and 
put through the kiln in 1938, using manual control of kiln temperatures. 

In 1939 the remaining portion of each body (now thoroughly dry) 
was crushed to pass a No. 30 sieve and again hand-wedged to a work- 
able consistency as judged by feel. Small pieces were then placed in 
the extrusion cylinder and the air evacuated to a pressure of less 
than %» atmosphere, after which the material was extruded as rods % 
in, in diameter and cut to appropriate lengths. No pressed bars 
were made for the second series of tests. The specimens were put 
through the kiln in 1940, after an automatic temperature control 
had been installed. 

The “free,” or mechanically held, water present in the bodies as ex- 
truded, or as pressed, was computed on the dry basis from the weights 









































LOAD 
Figure 2.—Variable-span support used for modulus of rupture and modulus of 
elasticity determinations. 


The apparatus can be used also for the testing of specimens in rod form. 


immediately after forming and after drying to constant weight at 
110° C, 

The linear shrinkage of extruded rods was measured directly with a 
caliper, using reference marks which had been pressed into the rods, 
10 cm apart, immediately after extrusion. The shrinkage of pressed 
bars was measured in an especially designed holder, using an Ames 
gage reading to 0.001 in., and observing the over-all length of the 
bars. Percentage values are based on the original lengths. 

Absorption was determined by weighing specimens before and after 
autoclaving in water for 5 hours under a steam pressure of 150 |b./in.? 

Moduli of elasticity (Young’s) and of rupture were calculated from 
values obtained by center loading over a span of 5 in., unless otherwise 
noted. The dry specimens and the heated bars were broken on the 
device shown in figure 2. This device was placed on a firm base (not 
shown in the drawing) and the load applied to the loading saddle, 
which was hung from the specimen at midspan. The rocker-type and 
the flexural-type knife-edges are designed to prevent torsional and 
axial forces. The device was used also in determining the modulus of 
elasticity of the heated bars, for which tests a gage reading to 0.0001 
in, was mounted on the base so as to indicate the deflection of the bar 
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under load. The heated rods were broken with the machine described 
by Harrison.‘ 

Linear thermal expansions were determined by the interferometer 
method.°® 

The specimens were put through an electrically heated tunnel kilp 
of the walking-beam type, designed and built at the National Buregy, 
of Standards. The kiln proper (fig. 3) is 35 ft long. Sheet-iroy 
vestibules, used for placing, drawing, prewarming and cooling, extend 
for about 5 ft from each end. The cross-sectional area available for 
passage of ware is 12 in. wide by 6 in. high. Heat is obtained from 3¢ 
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Ficure 4.—Heating schedules. 


These curves are based on temperatures indicated by seven thermocouples and two thermometers (7; and 
T:) in the electrically heated tunnel kiln at the National Bureau of Standards and show the heating rates 
followed in this investigation. The relative positions of the thermocouples and thermometers, as placed 
along the kiln, are indicated at the bottom of the figure. 

The time-temperature relations below approximately 900° C are the same, regardless of the maximun 
temperature of the test. Above 900° C the curves diverge, as indicated by the broken lines. The 9-, 16-, 
and 24-hr. schedules apply to each of the various heating curves. 


Globar elements mounted vertically 18 on a side and in 8 groups for 
control purposes. 

Air was introduced in each vestibule, permitting control of vestibule 
temperatures and the maintenance of a slight positive pressure (0.002 
to 0.005 in. of water) within the kiln. In 1939 a change was made in 
the electric system. This involved the insertion of a full on-and-off 
automatically controlled switch in each of the two circuits supplying 
opposing groups of five heating elements located at the hottest section 
of the kiln. This arrangement maintained a desired temperature 
within +3° C with the controlling couple located about 1 in. below 
the crown. The total power input averaged about 80 kw when 

A.C, Harrison, J. Am. Ceramic Soc. 8, 774 (1925). 
‘George E. Merritt, BS J. Research 10, 59 (1933) RP515. ; 
¢ This procedure was suggested by R. E. Gould, then of the Tennessee Valley Authority Laboratories, 


and credit is due also to McD. 8. Nelson, also of these Laboratories, for personal assstance in a study of the 
operating efficiency of the kiln. 
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operating at cone 4 (1,165° C), 85 kw at cone 6 (1,190° C), and 87 kw 
at cone 8 (1,225° C), and the heating-and-cooling cycle of ware passing 
through the kiln is indicated by the curves in figure 4. 


III. RESULTS 


The values for absorption, shrinkage, and modulus of rupture in 
tables 2 and 3 are, in most cases, the averages for 10 specimens. 
Values for modulus of elasticity are averages for three specimens. 
The plus-or-minus (+) values in these tables were calculated by the 
method recommended by the American Society for Testing Materials,’ 
using P,=0.95. These values for 95 percent confidence error will 
hereafter be referred to simply as “the error.’’ Since values for the 
same number of specimens are averaged in most cases, the values 
for error indicate the relative uniformity of the specimens. 


TABLE 2.—Same data on bodies as formed, dried, and heated 


| 
| Modulus of elasticity; 4 pressed bars 
ln Free 
Free water | g)_; babaeraas: on : 
| a Shrink- | Modulus} water | 
} age dur- | of rup- in Cone 4e Cone 6¢ 


bars ing dry- | ture dry | pressed 


Body No. | 

| 16-hr | 24-hr | 16-hr | 24-hr 

| sched- | sched- | sched- | sched- 
(*) | (*) (>) (>) (°) ule ule ule ule 

} 


ing | bars 


lb/in.2 
170 +8 
160 
300 +4 
120 +¢ 
150 + 
220 + 
150 + 
220 + 
140 
200 + : ; 5.4 : 9 
250 7 Site , 5.7 8. 8. 
260 - ; a , 6.1 7 


<9 


lb/in.2 | lbf/in.2 lbj/in.2 | lb/in2 
8. Pe 9.3 9.6 10 
10. 8.6 Y. 10. 9.6 
7. .6 Wa 8. 8. 
8. .8 Y. 6 Y. Y. 4 
.3 y. 10. £ 
) 9. ¢ 9.6 
) gy. ¢ v. 
.3 . a v 9.6 
) 


ious 
SSSR. 


a PD 
COC HON WROD OA 
Oe oe eH 


mi 
LISS 
Dako 
ad 
once 
ono 


i 


> Ff 





i) 


“Isa 
aor 





oe ce 


1.8 


v v. § 


8. ¢ 





och te 
Pi ES 


atalalateteteteteate 
mt Ds et et ee BS 


a 


} 


! 























*Bars made of bodies hand-wedged and extruded, and heated in 1938. 

>Bars made of bodies hand-wedged, deaired and extruded, and heated in 1940. 

Values obtained by weighing specimens when pressed and after drying at 110° C. 
up with 10 percent of water. 

4 Values to be multiplied by 106, 

¢ Heating to “cone 4” and to “cone 6’ indicates approximate maximum temperatures of 1,165° C and 
1,190° oe respectively. For details of heating schedules, see figure 4. Bars heated with manual kiln 
control. 

‘This body was obviously not completely air-dry before adding the water for pressing. 


All bodies were made 


1. WORKABILITY 


Optimum workability of a plastic mixture, prepared for extrusion, 
was judged by feel, rather than by some mechanical means, in order 
to observe how closely the same operator could duplicate the propor- 
tions when working with parts of the same body but at considerably 
different times (in this case, 2 years). Although the hand-wedging 
was admittedly amateurish, it is believed to have equalled that usu- 
ally done in laboratories. As shown in table 2, less water was used 
for 9 of the 12 bodies when the second series of specimens was prepared 
but, of the 4 greatest variations, 2 (bodies 25 and 28) were in one 
direction and the other 2 (bodies 30 and 32) were in the opposite 
direction. The average variation was 3.6 percent. 


‘Am. Soc. Testing Materials, Manual for Interpretation of Refractory Data, p. 87 (February 1935). 
a Soc. Testing Materials, Manual on Presentation of Data, p. 40-41 (1933). Second printing, March 
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2. SHRINKAGE 


Comparing the values for the “a’”’ specimens (not deaired) with those 


for the “‘b’”’ specimens (deaired) in the columns of table 3 headed 
“Extruded”’, it is seen that, of the 45 pairs of comparable values for 
total shrinkage, the maximum difference for total linear shrinkage 
was 3.6 percent (body 27) and the average difference was 0.7 percent, 
In 28 of the 45 cases, the shrinkage of the deaired body was greater 
than that of the comparably heated nondeaired body but in only 
18 of the 28 cases was the difference significant. In one cage 
there was no difference. In the remaining 16 cases, the shrinkage 
of the deaired body was less, and in 13 of these the difference 
was significant. These differences in shrinkage were independent 
of the respective amounts of water used in forming (note bodies 26, 
33, and 34). As indicated by the error values, the uniformity of 
a deaired body was greater than that of a comparable nondeaired 
body in 25 cases, while it was less in only 8 cases and the same in the 
remaining 12. In general, the shrinkage values do not show clearly 
defined effects of the described differences in processing. 

There was no apparent correlation between shrinkage values and 
the variations in composition or in heat treatments. That is, no 
bodies consistently showed outstandingly high or low shrinkage after 
all the heat treatments and, with few exceptions (for example, body 
34) the shrinkage, especially of a deaired body, was not altered more 
than about 1 percent by the various heat treatments. In general, 
the pressed bodies showed greater variation in shrinkage with varia- 
tion in heat treatment than the extruded bodies. For detailed data 
and a discussion on the shrinkage of bodies 27 and 35 during heating, 
see the reference given in footnote 3. 


3. ABSORPTION 


The absorption values in table 3 show that only one pressed body 
(No. 26) and five extruded bodies (Nos. 25, 26, 29, 30, and 32) could 
be classified as vitrified, or nearly so, after heating on both the 16-hour 
and the 24-hour schedules to cone 4.° After heating to cone 6 on the 
9-hour schedule, all of the specimens (both pressed and extruded) 
were vitrified, or nearly so, but the pressed specimens of bodies 27, 34, 
35, and 36, heated on the 16- and 24-hour schedules, could not be so 
classified. After heating to cone 8, all of the bodies, excepting 35 and 
36, were completely vitrified. 

In this connection, it is interesting to note that the pressed specimens 
of bodies 27, 34, 35, and 36, heated to cone 6, showed a definite in- 
crease in absorption with an increase in the length of the heating sched- 
ule. The same relation between the absorptions and the heating 
schedules was shown by all of the pressed bodies heated to cone 4. 
Some of the extruded bodies heated to cone 4 did not show this relation, 
and the differences in absorption were often not significant. The pro- 
duction of a lower relative absorption during the shorter of two heating 


* The significance of differences between averages was determined by the ratio 


Xi- Xs, 


vrietr ra 


where X is the average value, and r is the error (+ value) of the average. If the ratio is 1.0 or more, the per- 
centage confidence is 95 or more, and the difference is considered significant. If the ratio is 1.5 or more, the 
percentage confidence is 99 or more, and the difference is considered highly significant. 

8A “nearly vitrified” body is arbitrarily defined as one having an absorption of not more than 1 percent. 
Heating to cone 4, 6, or 8 means heating to a nominal maximum temperature of 1,165°, 1,190°, or 1,225° C. 
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schedules was reported by Watts ® and also observed for bodies 97 
and 35 in a previous study (see footnote 3). 

The maximum temperature attained during the shorter of two 
schedules “to the same cone’ is somewhat higher than during tho 
longer schedule." One might, therefore, at first thought ascribe tho 
lower absorption, after the shorter schedule, to the higher maximum 
temperature, but this explanation does not apply to results from the 
previous study (footnote 3), in which the specimens were taken to th, 
same maximum temperature. 

In 19 of the 46 comparable pairs of values in table 3, the deaired 
bodies had the same absorption (zero) as the nondeaired. Of the 
remaining 27 cases, the absorptions for the deaired bodies were less jn 
21, and greater in 5 cases. These five all occurred with bodies heated 
to cone 4 in 16 hours. 

The uniformity of the deaired bodies, as indicated by the absorption- 
value errors, was usually considerably greater, and in no case less, 
than for the hand-wedged bodies. The average of the errors for th 
percentage absorption values is 0.5 for the hand-wedged, 0.3 for th 
pressed, and 0.1 for the deaired specimens. 


4. STRENGTH 


The modulus of rupture values show some well-defined differences 
resulting from the various methods of forming the specimens. The 
most pronounced are the higher values for deaired and extruded speci- 
mens as compared with the values for pressed specimens heated on 
comparable schedules. Of the 41 pairs of these values in table 3, 40 
show a higher strength for the deaired bodies, and the difference is 
highly significant in 38 cases. The average difference in strength for 
specimens heated to cone 4 was 3,400 lb/in.?, for specimens heated to 
cone 6 it was 2,600 lb/in.*, and the grand average was 3,100 Ib/in.. 

The higher strength of deaired and extruded specimens compared 
with those hand-wedged and extruded is also clearly defined. Al- 
though the average increase in strength is only 2,300 |b/in.?, the aver- 
age values for individual deaired bodies were higher in 41 out of 43 
cases (table 3). Of these 41, the differences were significant in 39 
cases, of which 34 were highly significant. 

The difference between pressed specimens and those made of hand- 
wedged bodies is not so striking but, in the majority of cases, the latter 
had the higher strength. Of 58 pairs of comparable values in table 3, 
39 differences showed the hand-wedged and extruded rods to have 
higher strength (average 1,400 lb/in.”) and 18 to have lower strength 
(average 1,000 Ib/in.?). Of the 39 higher strengths, 26 differences 
were significant and 20 of these were highly significant. Of the 18 
lower strengths, only 6 were significant and 5 of these were highly 
significant. 

The variations in strength with increase in severity of heat treatment 
(from cone 4 on the 16-hour schedule to cone 8 on the 24-hour schedule 
showed no common trend but, with three exceptions (bodies 31, 34 
and 36), the strength, after the cone 8 treatment, was comparatively 


10 Arthur S. Watts, J. Am. Ceramic Soe. 19, 175 (1936). 


1! During the operation of the kiln in 1940, the controlling thermocouple was set at the following temper: 


atures for the various schedules: 
Cone 4 in 16 hr 
Cone 4 in 24 hr 
Cone 6 in 9 br 
Cone 6 in 24 hr 
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low and the bodies were probably overfired. The following tabulation 
summarizes results of the cone 4 and cone 6 heat treatments for the 
12 bodies. Columns A give the number of bodies which were sig- 
nificantly stronger, and columns B the number which were significantly 
weaker, after heating on the shortest schedule, compared with those 
heated on the longest schedule. 


Cone 4 Cone 6 


eee | 
B B 
Pressed 0 j 0 
[ 4 
5 


Hand-wedged___ ‘ 1 
Deaired 6 

















Watts (footnote 10) reported from 300 to 600 Ib/in.* higher trans- 
verse strength for bodies heated on the shorter of two schedules. 
Fritz * found that specimens cooled relatively rapidly showed an 
increase in strength of more than 35 percent over those cooled in the 
usual manner, and he contends that the more rapid cooling is responsi- 
ble for the higher strength. To investigate further the effect of rapid 
cooling, the halves of pressed bars of bodies 27, 31, and 35, heated to 
cone 6 on the 24-hour schedule and broken across a 5-in. span, were 
subjected to the following test: One-half of each specimen was 
broken on a 2%-in. span without further treatment. The other half 
of each specimen was heated to 1,100° C and cooled to room tempera- 
ture in 4 hours. The untreated half-specimens of these three bodies 
had average moduli of rupture of 7,000 +200, 7,300 +300, and 6,200 
+300 lb/in.*, respectively. For the rapidly cooled halves, the values 
were 7,400 +300, 7,800 +300, and 6,600 +200 lb/in.’, respectively. 
The difference was significant in each instance and supports Fritz’ 
contention. 

The averages of the errors for the modulus of rupture determina- 
tions, grouped by method of processing and heat treatment, are as 
follows: 


| , 
Cone 4, , , | Cone 6, Cone 6, 
16 hr. a 24 hr. 








Hand-wedged____.-_.------ 680 660 440 590 
Pressed __ - - 400 280 380 410 
Deaired____ eokes 420 360 320 360 





| 
| 
lb/in.? lb/in.2 Ibfin2? | Ibjin.? | 





According to these averages, the uniformity of the pressed specimens 
is approximately the same as that of the deaired specimens. 

It cannot be said with certainty that the greater strength of the 
deaired bodies was caused entirely by the processing, since these 
bodies were heated after the automatic temperature control had been 
installed. It seems reasonable to assume, however, that the deairing 


"E.H. Fritz, J. Am. Ceramic Soc. 20, 26 (1937). 
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is largely responsible, because it would have required irregularities jy 
manual control considerably greater than those actually observed 
(+% cone) to account for the differences. 


5. ELASTICITY 


Elasticity values were determined for pressed bars only and are 
given in table 2. They vary from 5.7x10° to 10.8x10°, and the aver- 
age for bodies heated to cone 6 was somewhat higher than for those 
heated to cone 4. 

6. EXTENSIBILITY 


The extensibility, or the amount a body can stretch before rupture. 
is the ratio of the modulus of rupture to the modulus of elasticity, 
The extensibility could, therefore, be calculated for pressed specimens 
by using the data in tables 2 and 3. The individual values ranged 
from 8.2x10~* to 11.9x10~* and averaged 9.3x10~*. There was a 
small but not consistent variation in extensibility with variation in 
heat treatment. 

7. THERMAL EXPANSION 


Results of linear thermal-expansion determinations are given in 
table 4. Because of the many variables in composition, it would be 
extremely difficult to explain all of the variations in expansion, but 
there appear to be reasons for some. For example, one body made 
with reground flint (No. 27) has a relatively low thermal expansion, 
while two others (bodies 33 and 36) do not. In the case of body 33, 
the total amounts of feldspar and of free silica, introduced either as 
such or in the clays, were the same within 2 percent as the amounts 
in body 27, and the use of lime-free tale is probably the reason for its 
higher expansion (see reference in footnote 2). The materials for 
body 36, however, contained in comparison 10 percent less of tale, 
about 5 percent less of feldspar, about 6 percent more of free 
silica. 

There is also no consistent relation between the thermal expansion 
and the method of forming, or the heat treatment, except that the 
expansions for bodies heated to cone 8 are markedly lower and in- 
dicate an appreciable solution of quartz in bodies heated above cone 
6 (1,190° C). 

8. DEFORMATION 


The dry-pressed specimens of bodies 25 to 29, inclusive, showed 
slight deformation (fig. 1) after the heating to cone 6 on the 9-hour 
schedule, and specimens of body 26 showed considerable deformation 
after heating to cone 6 on the 16- and 24-hour schedules. All others 
showed no deformation. 


9. COLOR 


Specimens of bodies 25 to 27, inclusive, heated to cone 4, and all 
specimens heated to cone 6, were not quite white. Their color was a 
very light gray. All other specimens were light buff or ivory in color. 
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indicates so-called dry- 


*The “ex’’ indicates bodies that were hand-wedged and extruded, and “pr 
pressed bodies. For the amounts of water used, see table 2. 

The maximum temperatures of cone 4, cone 6, and cone 8 are approximately equivalent to 1,165°, 1,190°, 
and 1,225° ©, respectively. For details regarding the 9-, 16-, and 24-hour schedules, see figure 4. These 
specimens were heated on the manually controlled kiln schedules. 


IV. DISCUSSION AND CONCLUSIONS 


To depend on the judgment of the operator for the determination 
of optimum workability of a plastic ceramic body in the preparation 
of laboratory specimens is open to criticism. In this study, the same 
operator, working with parts of the same compositions, varied the 
amount of ‘water of plasticity’ used in one body over 7 percent, and 
the average variation for the 12 bodies investigated was 3.5 percent. 
Yet the most recently published compilation of methods for testing 
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clays states ® simply that “The plastic clay body is prepared * * + 
by mixing it with the required water of plasticity, * * *.” 
yet there is no generally accepted mechanical means for stand: ardizing 
the workability of ceramic bodies. 

Unfortunately, the data do not distinguish the individual effects of 
variations in water of plasticity, of hand-wedging, and of deairing, 
They do show unmistakably that the uniformity of specimens, as jn. 
dicated by the values for absorption and for transverse strength, js 
improved by deairing. 

Pressed specimens are easily prepared, even with bodies haying 
relatively poor workability, and the precision of the results compares 
favorably with that for deaired and extruded bodies. 

The progress of vitrification and the final strength of pressed and 
extruded specimens may differ in important degree. Pressed labora- 
tory specimens should not, therefore, be used to represent compositions 
which are formed commercially from plastic masses, and vice versa. 

Transverse strength values showed the most pronounced differences 
of any of the properties determined, resulting from the three forming 
methods (pressing; hand-wedging and extrusion; deairing and extru- 
sion). Deaired specimens averaged 3,100 Ib/in. 2 higher in’modulus of 
rupture than the pressed, and 2,300 Ib/in.? higher than the hand- 
wedged. 

Specimens were heated to cone 4 on 16- and 24-hour schedules, and 
to cone 6 on 9-, 16-, and 24-hour schedules. About one-third of the 
specimens showed the higher transverse strength after the shortest 
schedule both to cone 4 and to cone 6. Additional data were pre- 
sented to support the theory that this effect was the result of the 
comparatively rapid cooling on the short schedule. 

The average strength of the pressed bodies ranged from 5,400 
to 9,400 lb/in.? for those heated to cone 4 and from 6,000 to 10,000 
lb/in.* for those heated to cone 6. Corresponding values for the hand- 
wedged bodies are 6,400 to 11,000 Ib/in.? and 7,100 to 12,100 Ib/in/. 
For the deaired bodies, they are 8,700 to 12,600 Ib/in.? and 9,700 to 
13,500 |b/in.?. 

The shrinkage was not greatly affected by the various heat treat- 
ments (usually | less than 1 percent total range). 

The variations in heat treatment had little effect on the extensi- 
bility. The averages for the 12 bodies ranged from 9.2 to 9.9X10™. 

After heating to cone 6 on the 9-hour schedule, all of the specimens 
were vitrified, but, after heating to cone 4, only one pressed body and 
five extruded bodies were vitrified, or nearly so (less than 1-percent 
absorption). The change in absorption “from cone 4 to cone 6” is 
appreciably greater for the pressed bodies than for the extruded bodies. 
Several bodies showed increase in absorption with increase in the 
length of the heating schedule when heated to the same cone. There 
is no reason to believe that this is caused by so-called overfiring. 


WasHINGTON, October 14, 1940. 


1%J, Am. Ceramic Soc. 11 445 (1928). 
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ANALYTICAL SEPARATION AND PURIFICATION OF GASES 
BY FRACTIONAL DISTILLATION AND RECTIFICATION 
AT LOW TEMPERATURES 


By Martin Shepherd 


ABSTRACT 


This paper describes the apparatus and general procedures used at this Bureau 
for the separation of gases by distillation and rectification at low temperatures. 
The subject is treated from two viewpoints—analytical separation, and the prepa- 
ration of pure gases. 
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I. INTRODUCTION 


The gas analyst has at his disposal a number of attractive physical 
methods which may be invoked in time of need to supplement or even 
replace the various chemical methods at his command. By far the 
most useful of these is distillation. Unlike most of the other physical 
methods, distillation can achieve the actual separation and isolation 
of the various components of a complex mixture. It can accordingly 
be used for both analysis and purification of gases, and is not limited 
(as are many physical methods) to binary mixtures. Although dis- 
tillation has been used industrially for many years, its application to 
gas mixtures in the laboratory is relatively recent, most of the devel- 
opment having taken place during the last 20 years. This develop- 
ment in our country is attributable to the demand of the natural gas 
and associated industries, and arose from the necessity of knowing, 
insofar as possible, the actual composition of complex mixtures of 
hydrocarbons—an analysis that could not be made by the time-hon- 
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ored method of combustion. Methods of distillation have since beey 
applied to various gaseous mixtures, and have recently been used by 
many industrial research laboratories. 

Despite this, the distillation of gases has not been subjected to 
anything like the standardization accorded the ordinary chemical] 
methods, and has been given mention by title only, if at all, in stand. 
ard texts on gas analysis. This situation is understandable and will 
probably be remedied during the course of time. 

The method of distillation as applied to gases has one fundamental 
and several practical limitations. Azeotropic mixtures cannot be 
separated by this means, and often the separation of components o{ 
like boiling points is so exacting and irksome that one had better 
look elsewhere for help if it is available. It is often advantageous to 
supplement distillation with methods capable of dealing with binary 
mixtures vielded as distillates. Again, the apparatus involved is of 
necessity relatively complicated and expensive. The chief objection 
from the industrial viewpoint is the time required for an analysis, 
Our experience agrees with that of a great many others, and clearly 
indicates the necessity for separation on a fractional pattern in many 
instances, rather than performing a single straight distillation. This 
increases the time required to an extent considerably greater than is 
implied by some papers on the subject. 

This paper describes the apparatus and general procedures used at 
this Bureau for the separation of gases by this method. The separa- 
tion of natural gases by isothermal fractional distillation has been 
previously described.! The present apparatus retains the essential 
features of the old one, although in greatly simplified form. In 
addition, special rectifiers for handling large samples have been in- 
cluded. The new apparatus was designed primarily for the prepara- 
tion of pure gases to be used for determinations of the accuracy (and 
reproducibility) of methods of gas analysis, but as such it is an 
equally effective analytical tool. If purification of gases were the 
sole instead of the main object, some parts of the apparatus could be 
dispensed with. If the reverse were true, other portions of the 
apparatus could be eliminated. In the description which follows, 
the purposes will be distinguished so that a prospective user can 
easily determine what may be needed for his own work. 


II. APPARATUS 
1. GENERAL ASSEMBLY 


The best introduction to the apparatus is offered by the series of 
photographs which follow. 

Figure 1 shows the complete assembly viewed from the right. 
It is one continuous piece of glass from end to end, with no rubber 
connections. The various glass parts are mounted on an iron frame 
and fused together. The glassblowing was done by E. O. Sperling, 
Chief Glassblower of this Bureau, and has been generally considered 
by technical visitors to be one of the finest examples of this art. 
Each of the five prominent aluminum spheres at the top encloses a 
22-liter Pyrex flask embedded in roller composition.? Once used as 

1 Martin Shepherd, BS J. Research 2, 1145 (1929) RP75. 


* This is glycerol and glue. Ground cork was added to this. The mixture sets to a rubber-like mass 
resembling fruit cake, and affords excellent protection and some thermal insulation to the flasks. 
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Figure 1. Complete apparatus viewed from the right end. 
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FIGURE 2.— Apparatus from the left end, showing major sections. 
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Figure 3.—Detail of burets, rectifiers, and manometers. 
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stratosphere samplers, they now serve as reservoirs for the storage 
of gases. 

Figure 2 shows (almost completely) the apparatus from the left. 
This photograph has been marked to show the various major sections 
that comprise the whole apparatus. From left to right, these are: 

(1) An automatic sample-collecting pump, which has been pre- 
viously described in detail. This is a mercury-displacement pump 
that is used to collect noncondensible gases. Since it acts as the 
hacking pump for a mercury-vapor pump, its action is fairly rapid by 
comparison with the usual pumps of this type. It is, however, rarely 
used except for special problems sometimes associated with the analysis 
of small samples. 

(2) The next section is for volume measurement. A calibrated 
bulb of 1-liter capacity, a bulbed buret of 1-liter capacity, and a 
standard 100-ml burette are connected to permit the common use of a 
manometer-compensator unit. Placed between the 1-liter bulb and 
the bulbed burette are three inclined reservoirs which supply mercury 
to these units. 

(3) The next section has four rectifying columns of different. sizes. 
The first two are designed primarily for the preparation of pure gases. 
The second pair is for the analytical separation of gas mixtures, and 
serves for samples of large or small volume. 

(4) Following the rectifying section are three manometers for 
registering pressures in the rectifiers and receivers. 

(5) Next is a series of five condensers to receive liquid distillates 
from the columns. 

(6) Then comes an important part of the apparatus—the differ- 
ential saturation-pressure manometer by means of which the purity 
of distillates is determined. 

(7) Following this is a series of distilling tubes for the analytical 
separation of small samples by isothermal distillation. 

(8) The final section, not shown in this figure but apparent at the 
extreme right end of figure 1 (and shown also in figures to follow), 
isa unit for the transfer of gases from the glass apparatus to cylinders 
where they may be stored at high pressures. 

These are the essential units that make up the apparatus. They 
may now be considered in more detail. 


2. GAS MEASURING AND RECTIFYING SECTION 


Figure 3 shows the rectifiers, with the bulbed burette at the left and 
manometers at the right. The burette and manometer-compensator 
have been previously described. The system permits measurement 
of gas volumes up to 2 liters at the fixed pressure of the compensator 
(approximately atmospheric). The measuring unit is connected to 
the inlet of the rectifiers, and mercury from the burette is prevented 
from accidentally entering the rectifiers by a spherical float valve 
interposed in the line. 

The rectifying columns are connected to permit the following 
procedures: 

1. The distillate can be discharged into evacuated receivers at 
controlled rates, and the distilling pressure and receiver pressure 
measured independently. 


+E. R. Weaver and Martin Shepherd, J. Am. Chem. Soc. 50, 1829 (1928). 
‘ Martin Shepherd, BS J. Research 6, 125-127 and 140, figures 4 and 13 (1931) RP266. 
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2. The distillate can be discharged into condensers and collected as 
a liquid. 

3. Any column can be isolated and used alone. 

4. The columns can be connected in series, so that one acts as g 
receiver for another. 

5. The columns can be connected in parallel, so that several can 
discharge simultaneously into a common receiver. 

6. One or more columns can discharge into evacuated receivers 
while others, operating on a different mixture, may discharge simul- 
taneously into the condensers. 

7. Distillates from one column can be taken into a column either 
to the right or left. 

8. Distillates from either group of receivers can be taken back 
into any column. 

9. Condensates or gases from any part of the apparatus to the right 
of the rectifier section can be returned to this section. 

The manometers are connected so that the distilling pressures can 
be measured when the distillates are discharged to the condensers as 
well as when they are discharged to the evacuated receivers. An 
open-end manometer registers the distilling pressure. It is provided 
with an adjustable electric contact, which, when fixed at the desired 
pressure for distillation, flashes a light at the potentiometer when this 
pressure is reached. This permits the operator who has been follow- 
ing the temperature of distillation to make his observation at the 
exact moment the correct isobaric condition is reached. The other 
manometers are closed-end instruments of somewhat greater than 
barometric length, and are equipped with steel tapes that permit 
rapid reading. The tapes are installed as belts operating on pulleys, 
and two sliding collars bearing crosshairs complete the arrangement. 
The tape is fastened to the lower collar so that its crosshair corresponds 
with zero of the tape. The rectifying columns are of the spiral type 
illustrated in the drawing (fig. 4). This type will be recognized as an 
old friend, since it has been described in various modifications during 
the past 20 years. Evidently its real age has not been generally 
realized, for all of the modifications described since 1920 were cun- 
ningly plagiarized in’ 1895 and 1908, by Berlomont, Lebal, and 
Foucar,> who were apparently endowed with surprisingly detailed 
prophetic powers. The evident advantage of this type of column lies 
in the fact that the paths of the ascending vapor and refluxing liquid 
are equal, and, of course, of considerable length relative to the over-all 
length of the whole apparatus. Thus an equilibrium can be attained 
which is not realized if the path of the vapor is shortened with respect 
to that of the refluxing liquid. The column is provided with a con- 
venient drop counter, and the boiling pot is equipped with a heater 
and the standard device which anyone who has used a coffee percolator 
will recognize. The heater is wound with !platinum wire, the lead 
wires are very heavy, and the circuit is protected by a 3-ampere fuse. 
Current is regulated by means of an autotransformer. 

The inner bore of the spiral is approximately 5 to 6 mm, except for 
the smallest column, in which it is reduced to 4mm. Smaller bores 
tend to flood. In the first and third rectifier, the inside wall of the 


5G. Berlomont and Lebal, Bull. Soc. Chim. 18, 674, III (1895);"J. Soc. Chem. Ind. £4, 821 (1895); Foucar, 
Eng. Patent 19,999 (1908). 
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spiral is coated with 40-mesh carborundum ° fused to the glass. The 
wall is roughly etched in the second and fourth. The spiral in the 
first column is 6 m long; the others 
are 4, 3, and 2 m. The third 
column, with a 3-m spiral, is the 
only one of the group which has 
had the distinction of a formal test 
for efficiency. While the column 
itself is scarcely 40 cm high, it 
has the efficiency of 30 theoretical 
plates. : 

Temperatures in the condensers 
of the columns are measured by 
means of No. 36 copper-constantan 
thermocouples in connection with 
a precision potentiometer. Copper 
balls are placed in the evacuated 
jacket of the condenser and sur- 
round the condenser tube snugly. 
The heat capacity of the large 
amount of metal serves fairly well 
to maintain desired temperatures 
when the cooling liquid is discharged 
at appropriate intervals by means 
of a pressure seal affixed to the 
Dewar flask containing it. Liquid 
air is ordinarily used for the re- 
frigerant. 

A D’Arsonval tube (unsilvered 
Dewar) is placed around the boiling 
pot and snugly up to the bottom of 
the vacuum jacket of the column 
during its operation. 

If the condenser temperature 
becomes too low and the distillation 
is interrupted, distillate can collect 
and freeze at the top of the column. 
This may happen only rarely, but 
if it does, pressure will build up in 
the column and eventually some- 
thing must let go.” For this reason, A 
a safety seal is teed into the column. notes + mu diam It | Ye ee 
inlet. This seal has a column of ' it ‘ 
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pressure, Fiaure 4.—Drawing of rectifier. 


3. CONDENSERS AND DIFFERENTIAL MANOMETER 


igure 5 shows the condensers and the differential saturation-pres- 
sure manometer. The condensers are merely calibrated tubes and 


—_——___. 
s. [his was suggested by T. Midgley, Jr. (U. 8. Patent 1,961,774), who used an organic cement to secure the 
i to the glass. Such a cement is objectionable, but the carborundum may be fused directly into 
yrex glass, 
' In the only case on record in our laboratory, the something which let go was a slug of frozen methane, 
and the next thing was the mercury from the open-end manometer. This hit the ceiling with such force 
that it was distributed in fine globules completely throughout the room. It took two men 4 days to clean up. 
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hold different amounts of liquid (200 ml to 0.5 ml). The smaller 
ones are used in connection with the differential manometer in deter- 
mining the purity of distillates. The manometer and the procedure 
for determining purity have been previously reported.® 

This section of the apparatus is connected to permit the following 
arrangements: 

1. The differential manometer and necessary condensers can be 
isolated as a separate unit during tests for purity. 

2. The condensers can be connected back to the rectifiers. 

3. The condensers can be connected to the evacuated receivers. 

4. The high-pressure transfer apparatus can be connected to the 
condensers. 

5. The distilling tubes can be connected to the condensers and 
differential manometer. 

6. A McLeod gage, shown at the extreme right of figure 5, can be 
connected to the system at this section. (This is one of three such 
gages used at different parts of the apparatus.) 

7. A mercury-vapor pump of the Stimson type can be connected to 
the system at this section. This can be seen back of third rod from 
left, figure 5. It is one of two such pumps used. 

8. Auxiliary apparatus or reservoirs for delivering or receiving gases 
can be connected through an interchangeable joint above condenser 
3 (C3 of fig. 8). 

In the former account of the differential manometer it was specified 
that mercury should be frozen around the two condensing bulbs of 
the manometer. Previously a glass tube had been successfully used 
to hold the mercury. This tube was eventually broken (not in 
regular use) after several years of service, and replacements thereafter 
showed a tendency to break when the mercury was frozen during the 
test procedure. Accordingly, a steel tube was substituted, but this 
caused erratic behavior of the manometer, evidently because of the 
conduction of heat down the walls of the steel vessel. To remedy 
this difficulty, a steel container was made with a large well at the 
bottom for the mercury and with a narrow neck leading to the top of 
the Dewar tube which contains the cooling medium. Radiating fins 
were fixed to the narrow neck of this steel container. The condensing 
bulbs of the manometer were enlarged to 6 mm inside diameter, so 
that slightly different amounts of initial distillate and final residue 
would result in no great difference in level of the menisci of these two 
condensates within the bulbs. Under these conditions, the manome- 
ter again gave a good account of itself. It is recommended that those 
who use the instrument study the particular one they must deal with 
by condensing the same gas in varying amounts into the two bulbs, 
in order to determine how closely the two condensates, whose satura- 
tion pressures are to be compared, must be measured before intro- 
duction into the manometer. In addition, the permissible minimum 
amount of condensate can be determined for each gas to be tested. 
This will, of course, vary not only with the gas tested, but also with 
the volume of the particular manometer. Measurements like these 
will preclude the possibliity of inadvertently setting up such conditions 
as a superheated gas on one side of the manometer and a saturated 
gas on the other. The desired information for proper operation 1s 
easily obtained, since the equipment permits measurement of a con- 


§ Martin Shepherd, BS J. Research 12, 184 (1934) RP643. 
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Detail of condensers and differential manometer. 
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densate, transfer to the manometer, transfer back for a second 
measurement, and so on. 

The manometer has proved to be an extremely sensitive instrument, 
capable of detecting very small traces of impurities. 


4, DISTILLING SECTION AND HIGH-PRESSURE TRANSFER UNIT 


The distilling section of the apparatus is shown in figure 6. There 
are five distilling tubes (D1 to D5), each connected to a barometric 
manometer. These have been described and procedures for their use 
civen in considerable detail. The present tubes are somewhat 
simplified by the removal of the inner thermocouple, a feature that 
proved to be more of a luxury than a necessity. The unit previously 
described is further modified by a system of overhead connections 
that permits alteration of the fractionating pattern formerly reported, 
if this seems desirable. 

The high-pressure transfer unit is the device shown at the extreme 
right of the apparatus. It is connected to the glass apparatus at the 
three needle valves (upper right) by means of a glass-to-metal joint. 
These valves are of the Stimson type and can be depended upon to 
withstand high vacuum. Gases from the apparatus can be condensed 
in the brass cylinder (lower right), and the whole transfer unit then 
isolated from the glass apparatus by means of one of the needle 
valves. The connections of the transfer apparatus are made of small 
copper tubing with silver-soldered joints. The entire metal portion of 
this unit is tested to 10,000 Ib/in?. Condensate in the brass cylinder is 
allowed to vaporize slowly into an evacuated cylinder, also fitted with 
the Stimson type needle valve. During this procedure, the pressure 
within the system is registered on the Bourdon gage (upper right). 
Gases can thus be collected and stored at high pressures without 
contamination. 

The connections are so arranged that: 

1. The distilling section can be opened directly to the differential 
manometer, and thence to the condenser section, evacuated receivers, 
high-vacuum pumps, etc. 

2. The distilling section can be connected directly to the gas- 
measuring section, and thence to the rectifiers, etc. 

3. The distilling section terminates in an interchangeable joint 
which permits connection to auxiliary apparatus or storage reservoirs. 

4. The high-pressure transfer unit connects directly to the con- 
denser section, and thence to other sections and the vacuum pumps. 


5. DETAIL OF CONNECTIONS FOR BURETTES, RECTIFIERS, MANOM- 
ETERS, CONDENSERS, RECEIVERS, DIFFERENTIAL MANOMETER, 
DISTILLING TUBES, AND HIGH-PRESSURE TRANSFER UNIT 


Figures 7 and 8 show in detail the most important connections 
between the various separate units of the apparatus. The line 
drawing (fig. 8) was made by inking directly over the photograph 
(fig. 7) and then removing the emulsion with a cyanide solution, thus 
leaving the inked flow diagram, which is accordingly a definite to-scale 
key of the photograph. The flow diagram shows only the most 
important connections on the high-vacuum side of the apparatus. 
Auxiliary lines on the low-vacuum side, by means of which mercury 


* Martin Shepherd, BS J. Research 2, 1145 (1929) RP75. 
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is raised and lowered in reservoirs, etc., are not shown in figure g 
since the actual arrangement of these connections must be obvioys 
and their location is relatively unimportant. These auxiliary cop. 
nections will be discussed separately. The connections of the auto. 
matic sampling pump are not shown, although the important ecop- 
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Figure 8.—Line drawing of assembly, actual key to figure 7. 
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nections to the inlet and outlet of this pump are indicated in figure 8. 

A careful study of these two figures will reveal the actual traffic 
control possible. The various combinations available, which have 
already been enumerated in the previous discussion of the separate 
sections of the apparatus, will become easily apparent. Enough in- 
formation is given to permit a reasonable reproduction of this portion 
of the apparatus. 
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One feature of construction is important and should be noted. 
All the stopeocks used in this and other parts of the apparatus which 
are subjected to relatively high vacuum are simple oblique-bore cocks. 
No so-called “three-way”, T, 120°, or other multiple-lead cocks are 
employed. Our experience has been that the simple cock when 
properly made and lubricated can be trusted not to leak across the 
bore; the other types cannot always be depended upon in this respect. 
The stopcock used for this type of work is illustrated in figure 9. 


6. PUMPS, AUXILIARY LINES 


There are six pumps connected to this apparatus. One pump is 
the automatic mercury-displacement unit already mentioned. ‘This 
acts as a backing pump to one of the two mercury-vapor pumps con- 
nected to the apparatus. The second mercury-vapor pump is con- 
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FiaurE 9.—Drawing of stopcock for parts of apparatus subjected to low pressures, 
Dimensions in millimeters: A, approximately 42 to 44; B, approximately 200; C, approximately 47 to 49; 
D, 15 to 17; E, 15 to 17; F, 7; G, 10; H, 1 to 2; I, 15; J, 3.5. 
Key and barrel must be finely ground to match perfectly. Only finest grade of high-vacuum grinding 
seceptable. Glass should be thoroughly annealed before grinding. Ground surfaces must be free 
from scratches, chips, or striations. bores of key and barrel must coincide and be free from chipping. Key 
) be hollow blown and free from pinholes where insert tube is sealed. Cock to be supplied without lubri- 
cant, oil, wax, or other dressing, and free from grinding compound. Key to be wrapped in tissue. Entire 
‘ock to be made of the same kind of glass. Put no trade marks, maker’s name, other markings, raised rings 
yr other mold or tool marks upon barrel. Put no pencil marks on grindings. Outlet tubes to be straight 


when 20 millimeters away from barre!, and on the same horizontal axis. Only finest workmanship through- 
it is acceptable. 


nected near the differential manometer, so that it may be used when 
this section of the apparatus is isolated for a purity test. Both of the 
mercury-vapor pumps are connected so that they may be used to 
evacuate the apparatus as a whole, one working from each end if 
desired. Both are connected to permit the use of a Hyvac pump as 
the backing unit. A second Hyvac pump is used to operate the auto- 
matic mercury-displacement pump. A third Hyvac pump is assigned 
the general-utility role of moving mercury in the various reservoirs 
connected to the large burettes, the three McLeod gages, and also of 
reducing the pressure over liquid air surrounding the distilling tubes. 
This completes the census of the half-dozen pumps. It is readily 
seen that simultaneous procedures conducted with the apparatus may 
require the independent operation of each of the six pumps; and that 
if one were assigned a dual role, the procedures required might each 
have to wait their turn, which is never desirable and often impossible. 

lhe general-utility Hyvac pump is connected to a manifold which 
extends the entire length of the apparatus, with T-connections 
dropped to the desired points. A second manifold connects another 
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Hyvac pump to the two mercury-vapor pumps. The exhausts of ql 
Hyvac pumps are piped to a manifold that discharges mercury vapor 
to the outside air. 

7. APPARATUS SUPPORT 


The whole apparatus is mounted on an iron frame constructed fror 
¥-inch rod. This is mounted on the bench with flanges and brace; 
with diagonal pieces at the back to prevent rocking. The whole js 
sufficiently rigid to eliminate the necessity of expansion joints in the 
glass connections. The tubing is held by comparatively few small 
cast clamps which are in turn held by standard V-clamp holders. 
Wing-tipped bolts have been replaced with hexagon-tipped bolts to 
fasten the clamp holders to the frame; this conserves space. The 
reservoirs containing mercury are mounted in plaster in special! forms, 
We have used this type of mounting for over 20 years and find it very 
satisfactory for apparatus of this kind. , 


III. GENERAL PROCEDURES FOR ANALYTICAL 
SEPARATIONS 


1. ISOTHERMAL DISTILLATION 


Isothermal distillation was so thoroughly covered in BS Research 
Paper 75 (BS J. Research 2 , 1145 (1929)) that any treatment given 
here would be an unnecessary repetition. There is no difficulty in 
adjusting the simplified apparatus to the procedures already described 
in detail. The sections of the present apparatus to be used for iso- 
thermal distillations are the gas-measurement section, differential 
manometer, and distilling-tube section. The uncondensed fractions 
can be collected with the automatic displacement pump, unless the 
operator has the good fortune to have liquid hydrogen at his disposal. 


2. RECTIFICATION 


If the amount of sample available is sufficiently large, preferably 
ereat enough to yield about 30 ml of liquid for distillation, the separa- 
tion can best be conducted in the rectifying columns. The third col- 
umn (R3) is designed to handle 30 ml of condensate; the fourth (2/ 
will operate with 2 to 10 ml of condensate. In addition to one of these 
two rectifying columns, the condensers, receivers, manometers, burets, 
and differential manometer, in a predetermined combination, may be 
employed. There are several procedures which can be used. They will 
be outlined separately. 

Procedure 1.—This is the simplest choice, and is the kind of pro- 
cedure generally used in this type of analysis. It has been discussed 
at length by Podbielniak, McMillan, and others. As applied to 
the present apparatus, it is as follows: The sample to be analyzed is 
introduced (prior to measurement) into the evacuated apparatus at 
the inlet of the boiling pot (not at the top of the column as usual) and 
there condensed at the temperature of liquid air. The portion which 
does not condense at this temperature passes up the column and 
through the condenser at the top, which is also cooled by liquid aur, 
at a temperature several degrees lower than that of the bottom pot. 
Thence it is allowed to escape very slowly through the barely opened 


10 W. J. Podbielniak, Ind. Eng. Chem., Anal. Ed. 8, 177 (1931). W. A. McMillan, J. Inst. Petrol. Tech 
22, 616-45 (1936). 
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needle valve, V/ (fig. 8), into one of the evacuated receivers (F%). 
The pressure in the condenser of the rectifier is registered on the 
manometer, A/2, and that within the receiver is registered on the 
barometric manometer, M3. During this operation the rectifier 
becomes charged with reflux from the condenser at the top. The 
contact point of manometer M2 is adjusted to the desired distilling 
pressure, usually atmospheric, and the distillation is allowed to pro- 
ceed smoothly while readings of the condenser temperature and 
receiver pressure are taken simultaneously. The isobaric condition 
is maintained by adding liquid air to the jacket of the condenser, and 
such adjustment of valve V7 as can be made without upsetting the 
condenser temperature and the amount of reflux in the column. 
(This valve affords a variable orifice between the column outlet and 
the receiver, and is placed between the two manometers. It is a 
Stimson type vacuum-packed valve with an extremely fine-pitched 
thread on the stem and a graduated handle.) The heat input of the 
boiling pot offers the third control of the operation of the column. 

As one component boils off, the distillate ceases to enter the receiver 
and the condenser temperature slowly rises until it has reached the 
boiling point of the component next in order, at the pressure selected 
for distillation. If the drop counter indicates that the column is 
running dry during the separation of one component, valve V/ is 
closed, the condenser temperature adjusted, the rate of boiling in the 
pot is.increased, and, when reflux is reestablished, the distillate is 
again allowed to enter the receiver. The rate of distillation and 
reflux ratio will be determined ‘by the nature of the mixture to be 
separated. In general, reflux ratios of about 10 to 1 are used, but it 
must be remembered that sharper separations are achieved by increas- 
ing this ratio and removing the distillate very slowly from the 
condenser, 

At the end of this procedure, the observed condenser temperatures 
are plotted with respect to the corresponding receiver pressures. 
The latter are, of course, direct measures of the volume of distillate 
in terms of pressure within a fixed volume, assuming that the tempera- 
ture of the receiver has remained constant or is corrected for; while 
the former are measures of composition in terms of the boiling points 
of the various components at the selected isobaric condition. The 
resulting curve would be a very sharp stairstep, with all vertical 
risers at right angles to the horizontal treads, if the separation were 
perfect. If the boiling points of the components are satisfactorily 
spread apart, a reasonably good stairstep curve will in fact be ob- 
tained. If the boiling points are too close, the curve which results 
must be subjected to mathematical analysis. In doubtful cases, 
such analysis must needs invoke a geometrical thaumaturgy that 
leaves one in some doubt as to just what the facts are. This has been 
the experience of many investigators when dealing with complex 
mixtures containing saturated, unsaturated, and aromatic hydro- 
carbons, boiling from about —40° C to slightly above 0° C. We 
must frankly admit that this procedure is good as far as it goes, but 
that it does not achieve the distance usually desired. Aside from the 
objection mentioned, there is the further objection that some methane, 
if present (and it usually is), will enter the receiver with the nitrogen 
and other lower-boiling gases, and cannot fully be accounted for 

291547415 
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unless separately determined in this fraction, usually by a volumetrir 
combustion. ‘The procedure is satisfactory for separating very simple 
mixtures, such as methane, ethane, propane, and butanes, provided 
the column has the efficiency of at least 30 theoretical plates. 

Procedure 2.—This is a simple modification of procedure 1, and js 
designed to eliminate the objection in the separation of methane 
noted in the previous procedure. The first procedure is followed as 
before until the temperature of the condenser clearly indicates the 
removal of nitrogen and other uncondensed gases. The receiver jg 
then shut off, a portion of the distillate is removed for analysis by 
combustion, and a correction is made on the plotted curve for the 
change in receiver pressure. The portion for combustion analysis 
is quickly removed by connecting the receiver to the 1,000-ml bulb 
of the gas-measurement section, using this bulb for a pump; or the 
automatic displacement pump can be used for this purpose. 

Procedure 3.—This differs from the previous procedures in the follow- 
ing respects. Instead of allowing the condensable fractions of the 
distillate to enter the receiver, the separated components can be 
condensed in the series of condensers, and thence vaporized into the 
receiver one after the other at the end of the distillation. Since this 
entire operation may be done in a relatively short time, a correction 
for receiver temperature is usually unnecessary. In _ transferring 
the condensed distillates to the receiver, the procedure is as follows: 
Condensate in C1 (fig. 8) is vaporized into F4 and the pressure noted 
on M3. Condensate in C2 is transferred to C1, C2 is closed, and 
condensate now in C1 is vaporized into F4, and so on. The volume 
of F4 and connections thus remains fixed. 

Procedure 4.—This is a modification of procedure 3, and is designed 
to eliminate the guessing which is an undesirable feature of the previ- 
ous procedures in many cases. The distillation is conducted as in 
procedure 2 until the uncondensed gases are removed. Thereafter, 
procedure 3 is used until the first separations are accomplished and 
the distillates are all secured as condensates in C1 to C5, and in D1 to 
Dé if these tubes are needed as condensers. The data are now ex- 
amined to determine which distillates are in need of further separation. 
These distillates are then transferred to R3 and R4 and again distilled 
in order according to a regular fractionating pattern, until a satis- 
factorily sharp separation of the components is obtained in every case. 
Thereafter procedure 3 is resumed, and the now reasonably pure 
components are vaporized and measured one at a time as before. 
The purity of each component should be tested by means of the differ- 
ential saturation-pressure manometer, if the analysis is exacting. 
This is quite a different story from the relatively easy tasks required 
by the previous procedures, but unfortunately it seems to be the only 
way of obtaining the desired information when dealing with unobliging 
mixtures, provided, of course, the entire process is limited to the 
method of distillation. Since this procedure is exacting and time-con- 
suming, it would seem desirable to explore the field further with the 
assistance of other physical methods, such as thermal conductivity, 
interferometry, measurement of saturation pressures, etc., with the 
idea “" determining the composition of binary mixtures yielded by the 
rectifiers. 
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IV. GENERAL PROCEDURES FOR PREPARATION OF 
PURE GASES 


1. NEED FOR AN ADEQUATE ACCOUNT OF THE PREPARATION OF 
A PURE GAS 


The preparation of a critically pure gas is difficult, and may well be 
the major task in an investigation of the chemical or physical properties 
of the gas. Because of the difficulty of preparing gases suitable for 
study, some investigators have accepted the products of other workers, 
together with the certification which might accompany them. Others, 
not so easily contented, have applied their own tests of purity to 
these products and corrected the eventual measurements as might 
seem desirable. Still a third group have rather liked the idea of 
producing their own gases, if merely for the privilege of obtaining a 
first-hand guess of how good or bad their material might be. 

The literature abounds in various measurements of the properties 
of gases, and measurements of the same property cannot invariably be 
expected to agree. Without doubt, one of the chief reasons for this 
lies in the fact that equally well-performed measurements have been 
made upon substances of slightly different compositions appearing 
under the same label. 

There are two stock phrases used to indicate the fact that a gas is 
pure. One is: ‘The gas was purified by fractional distillation.”” The 
other is: ‘“The purity was established by an isothermal condensation.” 
Either of these phrases seems to serve as a certificate of purity. The 
first is meaningless without adequate qualification; and the second, 
while worth-while, may nevertheless fail to prove the point. 

Consider the first phrase. Before it means anything, one must 
know what type of distillation was used, what kind of apparatus was 
employed, what various precautions were taken during the procedure, 
how many distillations or rectifications at what temperatures and 
pressures were performed, what proportions of the total sample were 
discarded as initial distillates and final residues, and, above all, what 
impurities were or might have been present before the purification 
was begun. For example, suppose carbon monoxide, prepared from 
the reaction of formic and sulfuric acids, was said to be pure simply 
because it had been “‘purified by fractional distillation.”’ If air dis- 
solved in these two reagents had not been painstakingly removed 
prior to the generation of carbon monoxide, nitrogen would have 
been one impurity to be removed by distillation. Since the normal 
boiling points of nitrogen and carbon monoxide are about 0.5 degree 
apart, the purification of carbon monoxide by fractional distillation 
would be hopeless. The quoted claim for purity is accordingly 
insufficient. Another such example is the often cited purification of 
oxygen by fractional distillation. Oxygen generated chemically 
from reagents containing dissolved and occluded air will contain 
nitrogen. The nitrogen might be removed in an efficient rectifying 
column, but only with considerable effort attended by tremendous 
waste of the initial sample. On the other hand, its removal by plain 
distillation without rectification is doubtful. Certainly the stock 
phrase needs considerable amplification. In the end, if purification 
is effected solely by fractional distillation, the criterion of purity is 
usually stated only in terms of a boiling point (or boiling range) 
taken during the course of distillation. Since a quantitative deter- 
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mination of purity on this basis would impose severe restrictions 
upon the maintenance of pressure and the measurement of tempera- 
ture, this would again call for considerable and detailed amplification 
of the old phrase “‘ purified by fractional distillation.” 

The second phrase means a great deal more, but it is nevertheless 
true that constancy of pressure during isothermal condensation js 
not always a good criterion of purity. The physical limitations of 
this method (which has been used for years as the final word in such 
matters) were discussed by E. W. Washburn." 

It would seem, therefore, that it is not only difficult to prepare g 
critically pure gas, but also difficult to judge from published reports 
just how pure were the gases dealt with in various investigations, 

We have initiated a program intended to measure the accuracy of 
methods of gas analysis. This work is to be done in a simple, direet 
way. First, pure gases will be prepared. Second, the purity of these 
gases will be determined to greater significance than can be measured 
by the analytical methods to be studied. Third, and finally, the gases 
will be analyzed by standard methods, and the comparison of the 
results with the known composition of the sample will thus give a 
direct measure of the accuracy of the analytical methods. For this 
reason we shall have occasion from time to time to certify the purity 
of gases used in these and similar investigations. It seems desirable 
to place on record a description of the apparatus and general procedures 
used in the purification of such gases. 


2. GENERAL PROCEDURES 


The complete previous history of a gas to be purified by distillation 
should be known in order to formulate a list of the known and sus- 
pected impurities occurring with it and so plan the actual procedure of 
distillation. The gas may occur as a natural product in mixture with 
other gases, as a concentrate from some physical or chemical process, 
or as the result of a deliberately planned chemical reaction in the 
laboratory. In the latter event, the first stage of purification is to 
plan the generating apparatus and procedure with the object of 
eliminating any gases dissolved or occluded in liquid or solid reagents 
used for generation or preliminary purification, provided that such 
gases have boiling points near that of the gas to be purified. This 
may usually be done by evacuation and simultaneous displacement 
with another gas which can be eliminated later, or by vacuum sublima- 
tion. An example of such technique has been described.” Liquid 
reagents are greatly to be preferred from this viewpoint; and if solid 
reagents are used, it may sometimes be necessary to dissolve them, dis- 
place the dissolved gas, and then evaporate the solvent. If solid 
catalysts are used at elevated temperatures, an extremely thorough 
and prolonged evacuation at a temperature higher than will exist 
during the subsequent reaction is in order. Such evacuation should 
always be continued until, with the vacuum pump shut off, no signifi- 
cant amount of adsorbed or occluded gas is given off during a period 
of longer duration than will later be required for the generation of the 
gas. Such a procedure may take weeks. 

1 Constancy of pressure during isothermal condensation or vaporization as a criterion of purity, Z. physik 


Chem. (Cohen-Festband), p. 592 (1927). 
12 Martin Shepherd, E. R. Weaver, and S. F. Pickering, J. Research NBS 22, 301 (1939) RP1182. 
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When the gas is to be generated in a separate apparatus, it is advis- 
able to connect this directly to the distillation apparatus without 
rubber connections so that the whole will constitute a complete closed 
unit. The gas may then be taken in through one of the two inter- 
changeable joints, at the fifth distilling tube or above the third con- 
denser (fig. 8). The sections of the apparatus to be used for the puri- 
fication are: rectifiers, condensers, receivers, differential manometer, 
and possibly the high-pressure transfer unit. 

All parts of the apparatus involved in the purification are thoroughly 
evacuated until the pressure registered on the McLeod manometer is 
not over 0.0001 mm Hg after the vacuum pumps have been shut off 
overnight. The two mercury-vapor pumps are connected to the 
source of cooling water through a pressure regulator and by means of 
copper tubing cemented to the glass condensers of the pumps. ‘The 
backing pump is connected to a large glass reservoir. This arrange- 
ment permits the safe operation of the pumps overnight, which greatly 
decreases the working time required for the preliminary evacuation. 
ven so, 70 to 150 hours are usually required for satisfactory evacua- 
tion. It should be remembered that glass and, in particular, the metal 
of the high-pressure transfer unit, liberate adsorbed gases grudgingly. 

After the initial evacuation, the gas to be purified is condensed 
directly into the boiling pot of R1 (fig. 8). The temperature of the 
top condenser of 21 is lowered somewhat below the boiling point of 
the gas to be purified (at the selected distilling pressure), and heat 
is applied to the boiling pot. When the column is properly charged 
and is refluxing liberally, the outlet is opened slowly through the valve, 
V/, to the vacuum pump. The initial distillate is discarded through 
this pump until the temperature within the condenser at the top of 
the column (hereinafter called the distilling temperature) has re- 
mained constant for at least 15 minutes under the isobaric condition 
chosen, the distillate having been discarded at a rate not greater 
than 0.5 liter per minute during this period. If this condition is 
obtained before one-twentieth of the liquid has been evaporated from 
the boiling pot, the distillate is nevertheless discarded until at least 
this much of the original condensate has disappeared. If the amount 
of gas on hand is abundant, it is best to discard the first one-tenth of 
the condensate at this time. In measuring the initial rates of dis- 
tillation, the distillate is taken into the evacuated glass reservoir 
connected to the backing pump, which is provided with a barometric 
manometer. If the capacity of this reservoir is exceeded, it may be 
quickly evacuated again to several millimeters pressure and so refilled. 

The distillate is next allowed to enter the large receivers (/'1 to F), 
one at a time, and the distillation may proceed thus until the distilling 
temperature begins to rise very slightly. The particular receiver in 
use at the moment is closed, and another is opened until the change 
in the distilling temperature gives positive evidence of the presence 
of a higher-boiling component in the distillate. If the fluctuation of 
distilling temperature has been momentary, the desired gas may be 
saved by this procedure; if the change of temperature was permanent, 
the distillate collected in the trial receiver is discarded, together with 
the rest of the residue in the boiling pot. The whole apparatus is then 
thoroughly evacuated. After evacuation, the distillate is admitted 
from one of the receivers until the pressure within the apparatus 
reaches 5 to 10 mm Hg. This washes the glass walls with approxi- 
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mately pure gas, a technique of flushing which is followed throughout 
the preparation of the gas. The apparatus is again evacuated, and 
is then ready for the second rectification. 

The distillate from all receivers is now condensed in the boiling pot 
of R1, after which this rectifier is closed and the rest of the apparatus 
and the receivers are thoroughly evacuated. The condenser of R1 js 
then cooled, heat is again applied to the boiling pot, the column js 
charged, and reflux is established. During the entire course of the 
rectification which follows, the drop counter of R/ should discharge 
about 2 drops per second, the distillate should be taken away at a rate 
not greater than 20 liters per hour, and the heat input balanced to 
preserve this condition. The first one-twentieth of the entire conden- 
sate is discarded through the vacuum pump; and if the distilling 
temperature remains constant under the selected isobaric condition, 
the distillate is diverted to condenser C2 until 1 ml has been collected 
as aliquid. Then C2 is closed and the distillate is diverted to receiver 
F1. While F1 is filling, the isolated condenser section is evacuated in 
order to remove gas in the connecting lines. When the receiver F1 js 
filled to a pressure about 10 mm less than the distilling pressure, it is 
closed and about 1 ml of distillate is collected as a condensate in (3. 
This condenser is then isolated, the distillate from R/ is diverted into 
F2, and the line leading to the isolated condenser section is simultane- 
ously evacuated. When F2 has been filled as was F'1, it is closed and a 
second 1-ml portion of distillate is condensed in C4. This procedure is 
continued until the receivers contain successive portions of the distil- 
late and the condensers contain successive small portions of condensed 
distillate taken after the filling of each receiver. The distilling tubes 
may be used as condensers if needed. When the distilling temperature 
begins to rise, the distillate and residue in the boiling pot are discarded. 
If the distilling temperature does not rise, the last one-twentieth of the 
original condensate is nevertheless discarded as residue. 

The differential manometer is now used to compare the saturation 
pressures of the distillate collected in C2 (initial distillate collected 
before any gas was stored in the receivers) with that of the last distillate 
taken as a condensate (final residue). If the saturation pressures of 
these two are satisfactorily equal, and so indicate the desired degree of 
purity, the gas in all the receivers may be considered good. If this is 
not the case, further exploration is made of the condensed distillates, 
and the resulting Ap measurements will determine which receivers 
contain gas suitable for further purification or which may be sufficiently 
pure. 

If further rectifications are necessary, the procedure is exactly the 
same as for the second rectification, with the following possible excep- 
tions. Either R/ or R2 may be used. The latter has the advantage 
of being all glass, and thus eliminates the slight uncertainty associated 
with adsorption on the carborundum coating of R1. It is not quite so 
efficient a rectifier, however. In a final rectification, the distillate may 
be collected as a condensate in C1. Small portions of initial distillate 
and final residue are to be taken for test by the differential saturation- 
pressure method. This procedure has the advantage of eliminating 
again small uncertainties associated with adsorption on the large sur- 
face of the glass walls of the 22-liter receivers. True, the uncertainties 
associated with sorption-desorption throughout the apparatus are 
minimized by the washing and evacuating technique rigorously fol- 
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lowed throughout; but for the most exacting work, collection of the 
distillate in Cl is prefe rable. 

It is recognized that these general procedures may have to be modi- 
fied to meet the peculiar demands of some mixtures of gases. If so, 
such modifications can be noted as necessary in following reports. 
The Ap measurements obtained by the differe ntial saturation-pressure 
manometer will always be noted in any published certification of 
purity. 

3. TRANSFER AND STORAGE OF PURE GASES 


Morley once said that the difficulty was not in thoroughly drying a 
vessel, but in keeping it dry. The same thought will apply to a pure 
gas, although the decided difficulty of getting it pure will justify a real 
effort to keep it so. For this reason, the technique of transfer by con- 
densation and subsequent vaporization has been selected as the 
preferred procedure—even when this involves the use of liquid hydro- 
cen as the cooling agent. In the absence of an adequate condensing 
bath, mercury displaceme nt is employed. 

Some type ‘of storage container must usually be interposed between 
the pur ification apparatus and that in which the gas is to be eventually 
used. If this container cannot be dispensed with, it must be a good 
one and properly used. The storage reservoir must be sealed direc tly 
to the purification apparatus, either by a fused-glass joint or by means 
of a ground-glass joint capable of withstanding high vacuum. The 
interchange able joints '’ are very convenient and | satisfactory if secured 
by a suitable thermoplastic cement of negligible vapor pressure. 
(Some of the interchangeable joints are satisfactory with a high- 
vacuum lubricant.) It is desirable to have the storage container 
joined to the apparatus during the purification of the gas. This gives 
the same opportunity that exists. in the purification apparatus of 
flushing the storage vessel with successive portions of the gas as this 
becomes purer at ‘each stage of rectification, with evacuation between 
such flushings. In any event, a final flushing with the pure gas and 
subsequent evacuation should precede the actual transfer of the gas 
to be stored. 

The storage reservoir should be connected to the apparatus into 
which it is to deliver the gas for use with the same care that was taken 
in connecting it to the purification apparatus. The apparatus to be 
used for making the measurements of the properties of the gas must 
likewise be prepared with the same care used in preparing the puri- 
fication apparatus. These obvious facts are often overlooked, espe- 
cially by investigators who have not prepared the gases themselves. 

Storage reservoirs must be equipped with stopcocks of the same 
quality as those used in the purification apparatus. The reservoirs 
may be of two types—those that deliver the gas under positive 
pressure, and those from which the gas must be removed by condensa- 
tion or mercury displacement. The first group includes metal 
cylinders, If these are used, the walls should be smooth and free from 
dirt and water. The valves must be of the dis aphragm type or have 
special pac king that will withstand high vacuum. (We have used the 
Stimson and Kerotest valves successfully.) ‘The gas to be stored must 
not react with the metal of the reservoir. 


“ ’ Commercial Standard CS21-39, Interchangeable Ground-Glass Joints, Stopcocks, and Stoppers, Fourth 
lition, 
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On the whole, glass makes a better container when purity is gt 
stake. Figure 10 illustrates four of the types of storage containers 
ordinarily used. Number 1 is the most useful, although somewhat 
heavy and not easily managed by one person. It consists of two 
inclined reservoirs mounted. on an angle-iron frame. The lower 
reservoir holds approximately 2 liters of gas under atmospheric con- 
ditions. The stopcock at the top has a 120° bore, and one outlet js 
equipped with an interchangeable joint (male member). A mercury 
seal is placed in the two upper leads whenever gas is stored. The 
cock at the top of the upper reservoir may be connected to vacuum or 
air. A third cock at the bottom of the lower reservoir arrests the 
flow of mercury. Number 2 of figure 10 is a greatly cheapened and 
more portable form, made from a heavy-walled filter flask of 2-litey 
capacity. ‘The operator must carefully watch the supply of mercury 
in the small reservoir at the top, and be sure that no vortex forms 
when this is admitted to the flask. Otherwise it is not apt to giv 
trouble. Number 3-3 is still another form using mercury displace- 
ment. The flasks are 5-liter, heavy-walled, spherical, boiling flasks 
and the pair are mounted independe ntly on convenient tripods, s0 
that they may travel as separate units. One may be used as a 
mercury reservoir, the other as a gas reservoir. Number 4 is a 5-liter 
boiling flask, necked down and terminated with the newer type of 
stopcock which was previously noted at the top of glass-stoppered 
U-tubes. An interchangeable joint affords a convenient means of 
connecting. Gas is withdrawn from this container by condensation 
or mercury displacement, the mercury in this case being in the attached 
apparatus. Variations on this general theme will occur to suit the 
individual taste. 


V. COMMENT ON REPRODUCTION OF THIS APPARATUS 


In presenting this information, it is realized that instructions con- 
cerning the actual construction of the apparatus have been very 
general. Although a good idea has been given by the photographs 
and text, the exact duplication of the apparatus could scarcely be 
accomplished using the material here presented as the sole guide. 
In making the presentation so general, we have been acting on the 
strong conviction that no one will wish to reproduce the apparatus 
exactly as it stands. (In the event that is incorrect, the apparatus 
can be seen at our laboratory and the requisite number of detailed 
shop drawings made by the interested party.) It seems more than 
likely that any attempt to duplicate the apparatus would be largely 
in principle only, and sufficient information has been given for this. 
Aside from that, one’s imagination is apt to be as good as another's. 





Wasuinoton, December 30, 1940. 
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DETERMINATIONS OF HYDROGEN IN FERROUS MATE- 
RIALS BY VACUUM EXTRACTION AT 800° C AND BY 
VACUUM FUSION 

By Vernon C. F. Holm and John G. Thompson 


ABSTRACT 


Determinations of hydrogen in a variety of ferrous materials were made by 
vacuum extraction at 800° C and by vacuum fusion. The warm extraction 
method has the advantages of rapid operation and relative freedom of the evolved 
hydrogen from association with other gases. <A high hydrogen content produced 
by heating in hydrogen at high temperature, or by electrolysis, is unstable at 
room temperature, but the hydrogen contents of commercial steels, after hot 
working and storage, were low and stable, and without segregation. Steels 
with high chromium contents dissolve more hydrogen and retain it more tena- 
ciously than do plain carbon or low-alloy steels. 
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I. INTRODUCTION 


The presence of hydrogen as a possible constituent of ferrous 
materials has been recognized since 1863, when Deville and Troost [1] ! 
published their results on the diffusion of hydrogen through iron. 
Three years later Graham [3] reported that meteoric iron evolved 
gases, chiefly hydrogen, when it was heated in a vacuum. Cailletet [2] 
obtained similar results, but a lack of reproducibility in his experi- 
ments led him to abandon the investigation. In the ensuing years 
the significance of the presence of hydrogen in ferrous materials has 
been widely discussed, with reference to such phenomena as the 
porosity of ingots; blistering of sheet metal; hardness and brittleness 
of electrodeposits; embrittlement during pickling; deterioration of 
steels in high-pressure reactions, as in the synthesis of ammonia; and 
particularly with reference to the development of the defects known 
as “shatter cracks’ in railroad rails and ‘‘flakes” in forgings. In a 
current review entitled ‘Hydrogen, Flakes and Shatter Cracks,”’ 
Zapffe and Sims [21] record the accumulation of a bibliography of 
500 references on this subject alone. 

In contrast to this voluminous literature on the sources, presence, 
and effects of hydrogen in ferrous materials, information about its 

' Figures in brackets indicate the literature references at the end of this paper. 
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quantitative determination in such material is scanty indeed. Most 
of the information on the effects of bydrogen has been obtained by 
indirect methods rather than by direct analysis of individual speci- 
mens. For instance, the effects on the properties have been identified 
as effects of hydrogen, mainly by a comparison of the behavior of 
duplicate specimens, one of which had been intentionally exposed to 
hydrogen at some stage in its history. The lack of information about 
the direct, quantitative determination of hydrogen can be attributed 
largely to the very small amounts of hydrogen, less than 0.001 percent 
by weight, that are present in ordinary ferrous materials. Such 
amounts of any constituent usually are considered to be too insignif- 
icant to justify the time and labor that are required for their quantita- 
tive determination, and they are generally reported only in “rounded” 
figures or as ‘‘traces.’””’ This was the status of the determination 
of hydrogen until recent interest in the relation of hydrogen to the 
phenomenon of flaking in steel, particularly since the publication in 
1935 of the work of Bennek, Schenck, and Miiller [9], showed the 
need for accurate determinations of amounts considerably less than 
0.001 percent. 

Most of the determinations of hydrogen which have been reported 
have been obtained by extraction of hydrogen from the specimen in a 
vacuum at temperatures either above or below the melting point 
of the specimen. The vacuum fusion method has been used for 
approximately 20 years for estimations of hydrogen in conjunction 
with determinations of oxygen and nitrogen. This method, although 
satisfactory for the determination of amounts of oxygen and nitrogen 
present ordinarily in steel, has not been sufficiently accurate for the 
determination of 0.001 percent or less of hydrogen. Chipman and 
Fontana [10] in 1935 reported that duplicate determinations of 
hydrogen might differ by as much as 0.0005 percent. In the coopera- 
tive study of methods for the determination of oxygen in steel [13] 
in 1937, four of the cooperators reported results for hydrogen by 
vacuum fusion. These results indicated that the hydrogen content 
of each of the eight selected steels was less than 0.001 percent, but a 
more accurate value could not be indicated. For example, the results 
for one steel ranged from 0.00005 to 0.00050 percent of hydrogen and 
for another from 0.00002 to 0.00060 percent. Agreement of the 
results of four analysts within 0.001 percent is highly satisfactory for 
general analysis, but leaves much to be desired when significant 
amounts may be only 0.0001 or 0.0002 percent. Obviously, an in- 
crease in precision and a decrease in the blank correction of the 
vacuum fusion method were desirable for the determination of hydro- 
gen, and some progress along these lines has been made since 1937. 
Sloman [18] described a vacuum fusion apparatus in which the 
hydrogen blank was so low that it could be ignored. 

Most of the determinations of hydrogen by vacuum fusion have 
involved inductive heating of the specimen, but Meyer and Willems 
[14] and Newell [22] have described graphite spiral furnaces for 
vacuum fusion, in which the blank was low enough to permit satis- 
factory determinations of hydrogen. Newell reported that the blank 
for his apparatus did not exceed 0.00005 g of hydrogen per hour. 

One difficulty in the determination of hydrogen by vacuum fusion 
is that the volume of carbon monoxide and nitrogen evolved is much 
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greater than the volume of hydrogen. The problem then is to de- 
termine a small amount of hydrogen in the presence of large amounts 
of carbon monoxide and nitrogen. However, Graham's [3] observa- 
tion, that the gas evolved from solid iron by vacuum extraction at red 
heat was chiefly hydrogen, suggested the possibility of the determina- 
tion of hydrogen in hydrogen-rich mixtures. This observation was 
confirmed by experiments of other investigators, which showed that 
hydrogen diffuses readily through solid steel at moderately elevated 
temperatures, whereas the diffusion of oxygen and nitrogen under 
these conditions is relatively slow. 

The vacuum extraction of hydrogen at relatively low temperatures 
was developed into an analytical method by Kérber and Ploum [6]. 
Their preferred temperature for the extraction was 400° C. They 
referred to their method as a “hot extraction’? method, but, inasmuch 
as this term has been applied to the vacuum fusion method, which 
operates at temperatures above the melting point of iron, it seems 
desirable to identify the lower temperature method as a “warm 
extraction” rather than a “hot extraction.” 

Kérber and Ploum used the warm extraction method to measure 
the hydrogen contents of ferrous specimens after pickling in acid and 
after cathodic charging by electrolysis. Bardenheuer and Ploum [8] 
studied the hydrogen embrittlement of ferrous specimens. Sloman 
[18] determined hydrogen in cylindrical specimens about 1 em in 
diameter, at 650° to 700° C, and decided that 1 to 2 hours was required 
for complete extraction. The amounts of hydrogen extracted from 
different specimens ranged from a trace to about 0.00050 percent, and 
the values were in excellent agreement with values obtained by 
vacuum fusion in an apparatus for which the hydrogen blank was so 
low that it could be ignored. Newell [22] found that 600° C was a 
satisfactory temperature for the extraction of hydrogen from ferrous 
specimens, but that certain aluminum alloys did not give off their 
hydrogen until they were actually molten. 

Two other methods, in addition to the vacuum fusion and warm 
extraction methods, have been proposed for the determination of 
hydrogen. Moreau, Chaudron, and Portevin [11] found that hydro- 
gen and other gases could be removed from metallic specimens by 
ionic bombardment in an evacuated tube. This “cold” extraction 
was particularly applicable to surface films of gas, or to very thin 
specimens, but thicker specimens could be heated by induction to 
increase the rate of hydrogen elimination. However, the results for 
hydrogen in iron obtained by this method were not in good agreement 
with those obtained by other procedures. The other method, which 
was described by Schwartz and Guiler [20], involves direct combustion 
of the finely divided sample in oxygen, with subsequent collection of 
water in a phosphorus pentoxide tube. Results for the hydrogen 
contents of some samples of steel and ingot iron were of the same 
magnitude as those obtained by vacuum fusion. 

m ° e ‘ * e 

lhe investigation reported in this paper was undertaken to study 
the applicability of the vacuum fusion and warm extraction methods 
to the determination of hydrogen in ferrous materials and to determine 
the accuracy of both methods, either by analysis of samples of known 
hydrogen content or by agreement in results of determinations on the 
same sample by both methods. 





248 Journal of Research of the National Bureau of Standards 


II. APPARATUS 


The vacuum fusion apparatus and procedure were essentially as 
described by Vacher and Jordan [5], although split graphite radiation 
screens had been substituted for mullite screens, a three-stage high- 
capacity diffusion pump and enlarged connections to the furnace had 
been installed to permit more rapid removal of gas, and the absorption 
of gas was measured by means of the changes in pressure in the 
analytical train, rather than by weighing an absorption tube. 

In the usual operation of this vacuum fusion apparatus for the 
determination of oxygen and nitrogen, the empty crucible is outgassed 
at about 1,800° C until the pressure in the furnace does not exceed 
8X<10-* mm of mercury. This requires outgassing for 1 to 2 hours, 
When the temperature of the crucible is subsequently lowered to the 
operating temperature, 1,625° C, the pressure in the furnace drops to 
the ‘‘base pressure” of not more than 1X107* mm of mercury. A 
sample is dropped into the hot crucible, and the extraction of gases 
from the sample usually is completed in about 15 minutes. The 
furnace is then shut off from the analytical train, and the evolved 
gases are circulated through a copper oxide furnace and absorption 
train. Analysis of the gas mixture requires 30 to 45 minutes, after 
which the train is again connected to the furnace and another determi- 
nation started. The size of the samples for vacuum fusion is limited 
by the storage capacity of the apparatus for the total volume of 
evolved gases. The usual weight of sample is between 10 and 20 g, 
but smaller samples must be used if the gas content is high. 

In the routine operation of the apparatus, when the furnace is 
outgassed for 1 or 2 hours, the blank correction for oxygen and nitro- 
gen is low enough to permit satisfactory determinations of ordinary 
amounts of these constituents. The hydrogen blank is less than the 
blanks for either oxygen or nitrogen, but still is too high and too 
irregular to be satisfactory, because the amount of hydrogen to be 
determined is so small. It was found that extension of the outgassing 
period decreased the size and variability of the blank until, with 6 to 
8 hours of outgassing, the blank correction for 15 minutes was between 
0.000002 and 0.000004 g of hydrogen, which is equivalent to 0.00002 
to 0.00004 percent of hydrogen in the analysis of 10-g samples. 
Outgassing for 6 to 8 hours made the determination an extremely 
tedious affair, but seemed to be necessary if this vacuum fusion appa- 
ratus was to be used for the determination of hydrogen. The blank 
from the 1- or 2-hour outgassing period varies between 0.000006 and 
0.000015 g of hydrogen, which permits determinations of satis- 
factory precision to be made only when the hydrogen content of the 
sample is high, as in cathode electrolytic iron, which may contain 
0.0015 percent or more of hydrogen. 

The apparatus for the determination of hydrogen by warm extrac- 
tion is shown diagrammatically in figure 1. A specimen is suspended 
on a fine Nichrome wire in a vertical quartz tube, 1% inches in diam- 
eter and 10 inches long, which constitutes the furnace tube. _ Initial 
evacuation is attained in 5 minutes, by means of a rotary oil pump 
connected at B. When the pressure in the furnace has been reduced 
to about 0.01 mm of mercury, the oil pump connection is closed at B 
and opened at C, so that the furnace tube is evacuated for a second 
5-minute period, to about 0.0001 mm, by means of the rotary pump 
and a mercury diffusion pump in series. The specimen within the 
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furnace tube is then heated rapidly to the desired temperature by 
means of a high-frequency induction coil which is connected to a 
kya oscillator, The gases evolved from the sample are removed 
from the furnace by means of the mereury diffusion pump. When 
all of the gas has been transferred to the storage system, the furnace 
is shut off, and the accumulated gas is circulated through n tube 
containing hot copper oxide and then through an absorption tube 
which cont: ains anhydrous magnesium perchlorate. The volume of 
hydrogen in the evolved gas is indicated by the decrease in pressure 
which accompanies the absorption of water vapor. 

Successful operation of the method depends upon the outward 
diffusion of hydrogen from solid steel. Consequently the thickness of 
the specimen, the temperature to which it is heated, and the time 


an 











hiaure 1. -Apparatus for the determination of hydrogen by vacuum extraction 
al SOO? C, 


1, Furnace tube; 2B, connection to oil pump or to air; C, connection to oil pump; 2, mercury diffusion 
pump; /, reservoir; #, auxiliary reservoir; G, MeLeod gage; 71, copper oxide tube and furnace; and J, 
bsorption tube filled with anhydrous magnesium perchlorate 


required for complete extraction are interrelated. Pihlstrand’s 
data [15] show that the higher the temperature and the thinner the 
specimen, the less is the time required for complete extraction of 
hydrogen. However, the temperature and dimensions of the speci- 
men should be adjusted with respect to the size of the furnace tube so 
that the walls do not become appreciably warm during a run. 

An operating temperature of about 800° C, dete wrmined by visual 
nspection of the sample and by occasional pyrometric observations, 
was selected. Six minutes at this temperature was found to be 
ample for the extraction of gases from specimens up to 5 mim in thick- 
ness, and 15 minutes was enough for specimens between 5 and 13 mm 
in thickness. Figure 2 shows the rate of evolution of gas from 
specimens of different thicknesses. A blank correction was applied 
to each of the observed pressure values, so that each of the plotted 
points represents the pressure (or amount) of gas evolved from the 
specimen. Each of the curves rises rapidly at first and then tapers off 
to a constant value, which represents complete extraction. A con- 
stant pressure is not obtained in an actual run where the continuous 
evolution of blank gas causes the pressure to increase continuously, 
even after all of the gas has been extracted from the sample. The 
fact that extraction of gas from a sample 13 mm thick was so nearly 
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complete in 15 minutes is in agreement with the calculations of 
Pihlstrand [15] and the observations of Newell [22]. An extraction 
period of 1 or 2 hours, as recommended by Sloman [18], seems to be 
unnecessarily prolonged, even though Sloman’s extraction temperature 
was only 650° to 700° C. 

The gases which are collected in the analytical train consist largely 
of hydrogen. Analysis of a number of gas mixtures showed that the 
proportion of hydrogen in the evolved gas varied from 50 or 60 per- 
cent to as high as 80 or 90 percent, depending upon the previous 
history and hydrogen content of the specimen. 

The optimum size of sample depends upon its hydrogen content 
and to some extent upon its shape, but samples up to 40 g in weight 
have been treated successfully in the apparatus. On the other hand, 
a 5-g¢ sample of cathode iron may evolve as much gas as can be accom- 
modated in the storage reservoir. Samples are cleaned just before 
a determination, either by lightly grinding on an emery wheel or by 
immersing for about 20 seconds in diluted hydrochloric acid (2+1) 
and then flushing with tap water. The cleaned specimens are rinsed 
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F1iGuRE 2.— Rate of evolution of gas at 800° C from specimens of different thicknesses. 


A, Specimen 4 mm thick with high content (0.0016%) of hydrogen; B, specimen 5 mm thick with moderate 
content (0.00037%) of hydrogen; and C, specimen 13 mm thick with moderate content (0.00031%) of 
hydrogen 


with alcohol and dried with ether. In repeated determinations on 
the same specimen, the results were not affected by the method of 
cleaning. Light grinding is preferred for most of the specimens. 
but pickling is more convenient if the surface is rough or irregular. 

The blank correction for the apparatus was determined by duplicat- 
ing the conditions of an actual run, except that an outgassed sample 
from a previous run was used instead of fresh material. The out- 
gassed sample was exposed to the air between determinations and 
was cleaned and washed just before the determination. Conse- 
quently, the blank correction included any gas or moisture that may 
have been adsorbed on the surface of the sample. To minimize the 
effect of variations in atmospheric humidity, the air that was ad- 
mitted to relieve the vacuum in the furnace before it was opened for 
admission of a specimen was dried by passing through anhydrous 
magnesium perchlorate. 

The hydrogen blank for this apparatus is of the order of 0.000007 g 
of hydrogen for a 15-minute run. This is only slightly larger than 
the best hydrogen blanks for the vacuum fusion apparatus, which 
were obtained by extended outgassing at high temperatures. Some 
variation of the blank for the warm extraction apparatus was observed 
at different seasons of the year. For example, during the humid 
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summer months the blank amounted to about 0.000010 ¢g for a 15- 
minute run, whereas in winter operation the blank might be as low as 
9.000005 g. Blank determinations made on the same day agreed 
within +0.000001 g, so that one blank determination per day was all 
that was necessary in a series of similar samples. The size of the 
samples, from 5 to 40 g, did not affect the blanks beyond the range of 
seasonal variations. The results of several analyses showed that 
hydrogen constituted 25 to 35 percent of the blank gases. 


III. DETERMINATIONS OF HYDROGEN BY WARM 
EXTRACTION AND BY VACUUM FUSION 


Determinations of hydrogen in a variety of materials showed that 
the results by both methods were in good agreement whenever the 
hydrogen content was high and stable. For example, the hydrogen 
content of a piece of cathode iron was 0.0014 percent by vacuum fusion 
and 0.0015 percent by warm extraction. The reproducibility of 
results by each method in the determination of such amounts of 
hydrogen, judged by the agreement in repeated determinations by the 
same method, was about +0.0001 percent. This variation was 
considerably greater than that of the blank correction for either 
method, but the over-all precision of each determination was good 
enough for the determination of these amounts of hydrogen. The 
agreement in results by two methods furnishes some evidence of the 
accuracy of both methods, at least for the determination of relatively 
high hydrogen contents. 

When attention was turned to the analysis of steels with lower 
hydrogen contents, 0.0001 percent or less, the agreement in results 
was not so satisfactory. Results of determinations by vacuum 
fusion usually were somewhat higher and decidedly more variable 
than those obtained by warm extraction. For example, a series of 
determinations on a rod of ingot iron yielded values from 0.00000 to 
0.00028 percent, with an average of 0.00018 percent by vacuum fusion, 
whereas values by warm extraction ranged only from 0.00000 to 
0.00003, with an average of 0.00002 percent. In a sample of low- 
carbon steel, determinations by vacuum fusion ranged from 0.00006 to 
0.00015, with an average of 0.00012, whereas the range of determina- 
tions by warm extraction was 0.00003 to 0.00007, with an average of 
0.00004 percent. In determinations on a number of simple steels, 
duplicate determinations by warm extraction usually were within the 
range of +0.00001 percent and seldom were as far apart as +0.00002 
percent, whereas duplicate determinations by vacuum fusion usually 
were within the range of +0.00005 percent but occasionally varied 
as much as + 0.00015 percent. 

Evidently the over-all precision of the vacuum fusion procedure is 
less than that of the warm extraction procedure although the vacuum 
fusion blank is the lower and more precise. The lack of precision in 
the vacuum fusion determinations, in spite of the low blank correction, 
can hardly be an indication of segregation of hydrogen in the sample 
material, in view of the precision obtained with the warm extraction 
method when using the same sample material. A plausible explana- 
tion of the lack of precision in the vacuum fusion determinations lies 
in the uncertainty that is inherent in the procedure used for the 
analysis of the gas mixture. This procedure depends upon deter- 
minations of the differences in pressure which accompany the absorp- 
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tion of hydrogen in the form of water vapor from the gas mixture. 
If the amount of hydrogen, or the proportion of hydrogen in the gas 
mixture, is large, the changes in pressure which accompany the ab- 
sorption will be appreciable and can be determined with reasonable 
precision. But if the amount of hydrogen is small, and particularly 
if the small amount of hydrogen is diluted with large amounts of 
oxygen and nitrogen, then the determination of hydrogen requires 
accurate readings of very small changes in large volumes (or pressures), 
Confirmation of this hypothesis is found in the fact that the leas; 
precise results were obtained in analysis of materials, such as ingot 
iron or high-nitrogen steel, in which the total gas content limited the 
size of the sample, and thus limited the amount of hydrogen that was 
to be determined in the presence of large amounts of oxygen or nitro- 
gen. Revision of the analytical procedure, perhaps with the substi- 
tution of gravimetric for pressuremetric determinations of hydrogen, 
probably would improve the precision of the determination, but, 
because of the success achieved with the warm extraction method. 
this revision was not attempted. 

The precision of the warm extraction method appeared to be satis- 
factory for the determination of both high and low hydrogen contents 
and its accuracy was indicated for high hydrogen contents by agree- 
ment with results by vacuum fusion. Some indication of the accu- 
racy, as well as the precision, of determinations of low hydrogen 
contents by warm extraction was desired, and, in the absence of an 
independent method for check determinations, attention was turned 
to the possibility of preparing standard samples, that is, samples of 
known hydrogen contents. 

Data for the solubility of hydrogen in solid iron at elevated tem- 
peratures have been reported by several investigators [4, 7, 16]. 
These data suggested the possibility of preparing specimens with 
known and determinable hydrogen contents by rapidly quenching speci- 
mens which had been saturated with hydrogen at elevated tempera- 
tures. Accordingly, thin slabs of remelted electrolytic iron were pre- 
pared, 2 to 5 mm in thickness and usually between 15 and 20 g in 
weight. Each of these specimens was held for 1 hour at a definite 
temperature in an atmosphere of hydrogen and was then quenched in 
water, cleaned, dried with alcohol and ether, and analyzed at once 
for hydrogen. The extraction of hydrogen for the analytical deter- 
mination usually was started within 30 minutes of the beginning of 
the quenching operation. 

A comparison of the results of these experiments with the solubility 
data [4, 7, 16] is shown in figure 3. Both curves show that the solu- 
bility of hydrogen increases with increasing temperature and that 
there is an abrupt change in solubility in the region of the A, trans- 
formation. However, the determinations on the quenched specimens 
invariably are less than the values from the solubility curve, and the 
divergence of the two curves increases with increasing temperature. 
At 800° C approximately 80 percent of the theoretical amount of 
hydrogen is recovered from the quenched specimen, but at 1,200° C 
the recovery is only about 75 percent. Similar results have been 
obtained by Bardenheuer and Ploum [8], and their inability to obtain 
100-percent recovery was ascribed to failure of the sample to retain 
the theoretical amount of hydrogen until the analysis was started. 
The quench is not instantaneous and the diffusion of hydrogen at 
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elevated temperatures is rapid. Bardenheuer and Ploum showed that 
the surface layers of quenched specimens contained less hydrogen than 
did the interior. Undoubtedly some hydrogen is lost from the speci- 
men while it is cooling during the quench, and experiments showed 
that further losses of hydrogen from quenched specimens may occur 
during storage at room temperature. Under these conditions, recov- 
eries of 75 to 80 percent of the theoretical amounts of hydrogen prob- 
ably represent 100-percent recovery of the hydrogen contents of the 
sample at the time the analysis was made. 

Several experiments demonstrated the loss of hydrogen from 
quenched specimens during storage at room temperature, as has _ n 
reported by other observers [8, 12, 19]. For example, analysis of : 
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3.—Determinations of hydrogen in specimens of remelted electrolytic iron 
quenched after saturation with hydrogen at elevated temperatures. 


The dashed line shows the solubility of hydrogen in iron at various temperatures, as reported in the lit- 
erature [4, 7, 16]. 


portion of a specimen immediately after the quench showed a hydro- 
gen content of 0.00041 percent. The rest of the specimen, which was 
7 mm thick, was exposed to the laboratory atmosphere. After 2 
days the hydrogen content had decreased to 0.00015 percent and 
after 5 days it was only 0.00009 percent. The latter value approaches 
the theoretical solubility at room temperature. Additional experi- 
ments showed that the loss of hydrogen from quenched specimens 
at room temperature is intensified by storage in a vacuum. For 
example, storage for 4 hours in a vacuum after 1 hour in the air 
lowered the hydrogen content of a specimen from 0.00049 to 0.00026 
percent, approximately the loss that would occur in 24 hours of storage 
in the atmosphere. However, no appreciable loss could be detected 
during short periods of evacuation, such as are used in the operation 
of low- -temperature extraction apparatus. When the furnace was 
evacuated for 5 minutes before heating the specimen, a value of 
0.00049 percent of hydrogen was obtained; and when the ‘preliminary 
evacuation was continued for 15 minutes, a value of 0.00048 percent 
was obtained. 


291547—41—-—6 
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These experiments indicate that the major loss of hydrogen from the 
specimen occurs during the quench and that the subsequent loss yi! 
not be serious when analysis is made by the warm extraction method. 
However, it is evident that the determination of hydrogen should be 
completed as rapidly as possible. For example, determinations by the 
vacuum fusion procedure with the long outgassing period invariably 
yielded values of about 0.00010 percent, regardless of the temperature 
at which the specimen was saturated with hydrogen before quenching. 
“vidently most of the hydrogen in excess of the solubility at room 
temperature is lost during the long outgassing which is necessary to 
bring the blank correction down to a suitably low and constant figure. 

However, hydrogen does not always diffuse as rapidly at room 
temperature as the foregoing experiments indicate. For example, q 
specimen of 18-8 steel which had been in storage at this Bureau for at 
least 10 years still contained 0.00038 percent of hydrogen. A speci- 
men of this steel was quenched after heating in hydrogen at 1,100° (. 
Analysis immediately after the quench showed a hydrogen content of 
0.00071 percent, and after storage for 11 days in the laboratory at- 
mosphere the hydrogen content was 0.00072 percent. Evidently the 
solubility of hydrogen at 1,100° C is greater in 18-8 steel than in re. 
melted electrolytic iron, and the high hydrogen content of the 18-8 
steel is retained for 11 days, whereas the hydrogen content of quenched 
electrolytic iron decreased from 0.00041 to 0.00009 percent during 
storage for only 5 days. 

Unmelted electrolytic iron, i. e., cathode iron, also presents an inter- 
esting example of hydrogen which is relatively stable, although it is 
present in large quantities. The hydrogen content of cathode iron 
usually is about 0.002 percent, which is many times greater than any 
hydrogen content that can be produced by heating in hydrogen at 
high temperatures. Because these values are so much greater than 
the solubility at room temperature, it might be expected that cathode 
iron would lose hydrogen during storage even more rapidly than the 
quenched specimens, but this is not the case. As a matter of fact, the 
hydrogen content of cathode iron is stable enough so that accurate 
analyses, in agreement with results by warm extraction, can be made 
by vacuum fusion, even with the 6- to 8-hour outgassing period. 
However, the hydrogen content of cathode iron is not entirely stable, 
even though the loss during storage at room temperature is much less 
than that of quenched iron of the same composition. Analyses of 
portions of the same piece of cathode iron, over a period of 2 years, 
gave the following results: 

Percent 


June 1938 . ee _ 0. 0022 
January 1939__- . 0018 
June 1939___- epee rene . 0016 
September 1939_ ’ : . 0014 
June 1940-__- evn Le eee . 0013 


It is well known that the hydrogen content of cathode iron is un- 
stable at elevated temperatures, i. e., hydrogen is readily removed 
from cathode iron by annealing or heating in a vacuum, as in the warm 
extraction method of analysis. It is interesting to note that cathode 
iron, which originally contained about 0.002 percent of hydrogen, con- 
tained only 0.00045 percent after it had been heated in hydrogen at 
1,100° C and then quenched. 
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In other experiments the hydrogen was extracted from specimens of 
remelted electrolytic iron by heating in vacuum at 800°C. The speci- 
mens were then charged with hydrogen by electrolysis, to see what 
hydrogen contents could be produced in this manner. The electrolyte 
was dilute sulfuric acid (0.1 NV), and the anode was a piece of platinum 
vauze. With current densities of 0.01 to 0.02 amp/cm ? of cathode 

' surface, electrolysis for 2 to 4 hours produced hydrogen contents of the 
Forder of magnitude of that of electrodeposited iron and greatly in 
‘excess of the solubility values. These hydrogen contents, however, 
are much less stable than that of electrodeposited iron. For example, 
the piece of electrodeposited iron cited in a preceding paragraph still 
retained 0.0013 percent of hydrogen after 2 years’ storage, whereas 
‘the hydrogen content of a piece of cathodically charged iron dropped 
from 0.0030 to 0.0002 percent in 11 days. 

Electrodeposition evidently can produce hydrogen contents that 
Fare greatly in excess of the solubility value, when the hydrogen is 
‘deposited on the smooth surface of a solid piece of iron as well as 
Iwhen hydrogen and iron are codeposited, but the mechanism by 
'which these high hydrogen contents are achieved is not clear. It is 
rgenerally assumed that the hydrogen in electrodeposited iron may be 
/present as molecular gasin cavities and discontinuities in the struc- 
‘ture of the iron, as atomic hydrogen which is piled up beyond the 
ordinary solubility values, or as water or iron died which has 


' been mechanically entrapped during the deposition of the iron. The 
'hydrogen contents of cathodically charged specimens should consist 
| chiefly of atomic hydrogen. The hydrogen contents of electrodeposited 
iron and of cathodically charged specimens of iron may be get 


© mately the same, but the hydrogen in the former is more stable than 
»in the latter. This suggests the presence of hydroxides or of structural 
| discontinuities filled with molecular hydrogen in electrodeposited iron. 
'If structural discontinuities in the metal are filled with molecular 
Phydrogen by combination of diffused hydrogen atoms, and if this 
"hydrogen is removed by warm extraction, it might be possible to 
prefill the voids by extended heating in hydrogen. This, however, 
could not be done with either moist or dry hydrogen. In no case was 
| «hydrogen content in excess of the solubility value produced in electro- 
| deposited iron or in any other iron by heating in hydrogen. The only 
conclusions that can be drawn from these experiments are that high 
hydrogen contents can be produced by electrolytic action, but the 
thydrogen in electrodeposited iron is present in a form different from 
‘that of an equal amount of hydrogen in a cathodically charged 
ispecimen. 


IV. HYDROGEN CONTENTS OF SIMPLE STEELS 


_ After the reliability of the warm extraction method had been 
investigated, attention was turned to the determination of the hydro- 
gen contents and possible segregation of hydrogen in steels of com- 
mercial origin. The sample material consisted of sections of the 
rods of ingot iron and seven low-carbon steels which were used in the 
cooperative study of methods for the determination of oxygen [13]. 
Determinations of hydrogen by extraction at 800° C were made on 
specimens taken at 10-foot intervals along the length of each of the 
l-nch-diameter rods. Disks % and % inch thick were cut from the 
rods at appropriate locations, and a sample for analysis consisted of 
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a half disk }4 inch thick or both halves of a 4-inch disk. Extraetio, 
at 800° C was continued for 15 minutes. The results of these detepy;. 
nations are shown in table 1. rm 

The determinations on samples from different points along a yy 
invariably were in as good agreement as was obtained for adjacey; 
samples from the same location or for two halves of the same dis, 
There was no evidence of longitudinal segregation of hydrogen } 
these rods, and a few determinations on shell and core samples failq 
to reveal any evidence of transverse segregation. 


TABLE 1.—Distribution of hydrogen in long rods of steel 


Hydrogen in steel 
Location from end 
of rod 


c Oo ‘ oF c oF oy | 

Gi t ti ‘ < ¢ c | 

0. 00002 0. 00000 0. 00003 0. 00001 0. 00001 0. 00001 0. OOOO | 
. C0002 . 00001 . 00004 . 00003 . C0001 . C0002 - 00000 | 
. GO003 . GOO03 . OO004 . 0COBL . 00001 . C0003 - QUO02 
. 00001 00000 . 00002 . 00002 . 00002 . 00003 OC002 
. 00001 . 0CCO1 . 00005 . 00004 . 00003 . 0OCO3 - 00001 | 
- 00003 - 00000 - 00004 00002 . 00002 - 00002 - 00003 | 
} .00003 | .00002} 00003] .00000]  .00004 00003 























Average | 0. 00002 0. 00001 0. 00004 0. 00002 0. 00002 0. 00002 0. 00001 | 
| 


Steels 3 and 8 appeared to have slightly higher hydrogen contents 
than the others but the difference was slight. Apparently the hydro. 
gen content of each of these rods was determined by the previous 
history of heat treatment and hot working rather than by minor 
differences in composition. It is interesting to compare these results 
with the limited data for hydrogen that were available in the 1937 
report on the determination of oxygen. The present data consis 
entirely of small values in the fifth decimal place, whereas the earlier 
determinations range up to large values in the fourth decimal plac 
The uniformly low and consistent results by warm extraction demor- 
strate the precision of this method as compared with that of the 1937 
vacuum fusion technique. 


V. HYDROGEN CONTENTS OF MISCELLANEOUS FERROUS 
MATERIALS 


The observation that a sample of quenched 18 chromium-8 nickel 
steel contained a high content of hydrogen and retained it tenacious! 
during storage for 11 days called attention to the reports of other m- 
vestigators [4, 7, 17, 19, 22] on the effect of alloying elements on the solu- 
bility and rate of diffusion of hydrogen. Accordingly, determination 
before and after heating in hydrogen were made on some plain ani 
alloy steels. The results are shown in table 2. 

The material for samples 1 to 8 was in the form of hot-rolled rods 
approximately 1 inch in diameter. Materials 9 to 11 were forgings, 
and materials 12 and 13 were cores from billets which had been milled 
to prepare two of the Bureau’s Standard Samples. Materials 14 and 
15 were 1-inch rods of similar composition but different heat treatment. 

The results from the first eight samples of the hot-rolled rods failed 
to show any correlation of composition with the hydrogen content 
After heating in hydrogen at 1,100° C, the quenched specimens ¢on- 
tained about the same amounts of hydrogen, usually a little less than 
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the remelted electrolytic-iron specimens shown in figure 3. The vari- 
© tions in these results and the occasional low values are probably the 


it of variations in the temperature of the hydrogen treatment and 
he speed of quenching rather than the effect of any differences in 


Byes 


y 


composition. 


TABLE 2.— Hydrogen contents of some plain and alloy steels before and after 
annealing in hydrogen at 1,100° C 


| 


Composition | Hydrogen 


| In origi- | After Ha- 
| nal mate- jannealand 
rial quench 


Description 


| 


| c A € Il f c j | c A | c b 
ngot iron = | 0.016 0. 024 0. 001 | | 0.00001 | 0.00046 
in carbon steel | 03 | .3l . 002 | 00002 | . 00031 
12 | 72 .02 | } 00004 | . 00041 

ms .65 .09 | } | 00002 00037 

. 20 .45 | .03 | | . 00004 | 00039 

Me: Jee ieee" Je re } . 00002 | 00035 

42 5 | 26 | | 00001 00036 

} .20 . 00002 | . 00033 


| |] 3.5] 00003 | 00042 
29 | 5 00002 | 00045 
bole | 24 8° 00003 00040 
36 | | | . 00005 . 00075 
00038 . 00071 
00001 
. 00010 





The low-alloy steels, 9, 10, and 11, likewise had low hydrogen con- 


Stents before treatment. After heating in hydrogen at 1,100° C, the 
} samples contained 0.00040 to 0.00045 percent of hydrogen, similar to 
> the values for irons and simple steels. Higher values, however, were 


obtained with specimens of higher chromium contents. Sample 12, 


) with 14 percent of chromium, had a low initial content of hydrogen 
but retained 0.00075 percent, twice as much as the simple steels, after 
quenching from 1,100° C. Sample 13 likewise retained a large amount 
of hydrogen after heating and quenching. 


The high content of sample 13 (0.00038 percent) apparently reflects 


ba lack of hot work in the previous history of this material. ‘Two addi- 
© tional specimens of the 18-8 type, which had been hot-rolled to 1-inch 


rod, were available. Steel 15, without any thermal treatment except 
that incidental to the hot rolling, contained 0.00010 percent of hydro- 
gen. This value resembles the hydrogen contents of the hot-rolled 


) rods of simple steels rather than that of steel 13. Sample 14, which 


had been annealed for 8 hours at 735° C, subsequent to hot working, 
contained 0.00001 percent of hydrogen. Newell [22] found that ingots 
and castings frequently have high hydrogen contents and that hot 
working lowers these values. 

The data in table 2 therefore indicate that the hydrogen contents 
of hot-rolled steels usually are low and that the hydrogen contents of 
samples of 18-8 steel decrease with increasing amounts of hot work or 
annealing. The amount of hydrogen retained after heating in hydrogen 
at 1,100° C and quenching was not appreciably affected by variations 
in composition of the simple and low-alloy steels listed in table 2. 
The only effect of composition was that the steels with 14 and 18 
percent of chromium retained approximately twice as much hydrogen 
as the others. 
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VI. CONCLUSIONS 


1. The vacuum fusion method yields accurate results in the analys); 
of materials, like cathode iron, which contain hydrogen in a stable for 
and in considerable amounts. With pressuremetric analysis of the 
gases, the method is not so satisfactory for the determination of the 
small amounts of hydrogen which are present in ordinary commerejg| 
steels, because of the difficulty of determining these small amounts of 
hydrogen in the presence of large amounts of oxygen and nitroge, 
Unsatisfactory results are obtained in the analysis of samples which 
contain unstable hydrogen from electrolysis or from heating in hydrogen, 
because of loss of hydrogen during the extended outgassing that js 
necessary to bring the blank correction to satisfactorily low an 
constant values. j 

2. The method of warm extraction at 800° C yields satisfactory results 
for a variety of steels of high and low hydrogen contents. Two adyap. 
tages of this method are (1) Speed of operation, which improves the 
determination of fugitive hydrogen contents, and (2) evolution of 
hydrogen-rich gases from the specimen regardless of its contents of 
oxygen and nitrogen, which simplifies the determination of small 
amounts of hydrogen. 

3. The fugitive nature of hydrogen introduced by cathodic charging 
or by heating in hydrogen at elevated temperatures necessitates imme- 
diate analysis. Such materials lose as much as 90 percent of their 
hydrogen during a few days’ storage at room temperature. The high 
hydrogen contents of electrodeposited iron are more stable, but even 
this material loses hydrogen when the storage time is measured in 
months. High hydrogen contents produced by electrodeposition of 
hydrogen on the surface of solid metal are much more fugitive than 
similar contents produced by codeposition of iron with the hydrogen. 

4. Hydrogen contents of ordinary ferrous materials after extended 
storage at room temperature, particularly if they were hot-worked in 
fabrication, usually approximate the solubility of hydrogen in iron 
at room temperature and therefore are stable. 

5. Analyses of long rods of seven mild steels and an ingot iron fail 
to reveal evidences of transverse or longitudinal segregation of the 
hydrogen. 
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INFLUENCE. OF GRINDING TREATMENTS ON THE. SUR- 
FACE. HARDNESS OF INTAGLIO PRINTING PLATES OF 
0.33-PERCENT CARBON STEEL 


By Harry K. Herschman and Frederick Knoop 


ABSTRACT 


A study was made of the surface-hardening effects in plates used for intaglio 
printing. ‘These plates were of 0.33-percent carbon steels having different 
metallographic structures and finished under different grinding conditions. The 
influence of the following factors in the grinding conditions on the surface hard- 
ness of the steels was investigated: (1) cooling conditions during grinding, 
9) grain size of the abrasive (3), depth of cut, and (4) rate at which the abrasive 

heel passes over the specimens. Variations in the hardness of the steels at 
lifferent levels beneath the ground surfaces were determined by applying dif- 
ferent loads on an elongated pyramidal-diamond indenter. The geometrical 
rregularities of the surfaces of the ground specimens, evaluated by the “tracer” 
method, were considered with respect to their influence on the accuracy of meas- 
wement of surface hardness by the indentation means employed and_ their 
relationship to surface hardness, 
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I. INTRODUCTION 


Incised symbols, inscriptions, and pictorial representations in steel 
plates intended for intaglio printing may be cut with an engraving 
© instrument or impressed from a hardened steel roll bearing the em- 
_ bossed design. These processes of cutting and impressing are usually 
designated as “engraving” and ‘“mechanical-transferring,”’ respec- 
tively. The response of plate steel to the engraving and mechanical- 
transferring treatments is influenced by the geometrical as well as the 
plastic deformation characteristics of the surface layers of the steel. 
The hardness of the steel at and near its surface, which may differ 
significantly from that of the underlying steel, is one of the factors 
believed to have an important bearing in respect to this behavior. 
» The mechanical finishing of the surfaces of engraving and transfer- 
| plate steels by machining, grinding, and polishing, affects the hardness 
} of the surface layers. These effects may differ according to the 
| severity of the plastic deformation and thermal effects caused by the 
F ‘inishing process and the response of the metal to work-hardening. 
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This paper presents results of hardness tests with indentations penp. 
trating to different levels beneath the ground surfaces of plates 9: 
(.33-percent carbon steels having different metallographic structure: 
and finished under different grinding conditions. This is one phase o; 
an investigation of surface finishes being conducted by the Nationa! 
Bureau of Standards in cooperation with the Bureau of Engraving an( 
Printing. 

Because the depth of penetration of the hardening effect below th; 
ground surface of the steel was very small, hardness measurements ha/ 
to be confined to the surface layers at correspondingly shallow deptls 
The depths of penetration of the ball and the conical or pyramidyl. 
diamond indenters used with the well-known Brinell, Rockwell, gn; 
Vickers testers were entirely too great for the purpose. The elongate; 
pyramidal-diamond indenter recently developed at the Nationa! 
Bureau of Standards to permit the accurate measurements of indenty. 
tions made under small loads [1] ! was used to evaluate the hardnes 
changes in the surface layers of metals accompanying deformational 
and structural changes caused by grinding. The average depths o! 
indentations made with this tool in the experiments were 0.000) 
0.00015, 0.00025, and 0.00035 inch at loads of 100, 200, 500, and 1,00 
grams, respectively. 

It is evident that the more shallow the indentation, the mor 
significant becomes the influence of the geometrical irregularities of 
the surface on the depth of penetration of the indenter. In the 
present study, the surface finishes of the specimen plates were evalu- 
ated by the ‘‘tracer’’ method. 

























II. MATERIAL 


The 0.33-percent plain carbon steel investigated is typical of th: 
steel used for rotary-press printing plates by the Bureau of Engraving 
and Printing. Other than iron, the significant constituents deter- 
mined by chemical analysis were as follows: 










Percent 
Carbon... -.- ee» Ee eee ee re ee ae eee eee eh 0. 33 
pianwanese.__.......-.... ee ee eee ers se 
A SE ee pe eee SE eae ee eer . 028 
CE ee ane | ane eee —e ewe, gar 
Silicon _-_--.- . ee a eT ne e 54 cee 


All specimens for the various treatments were cut from a singl 
plate of the steel to the dimensions 6 by 5 by % inch thick. Five 
specimens, each heat-treated to produce a different microstructure 
were used for each of the grinding conditions described below. Th 
microstructures are shown in figure 1. A layer, at least 0.020 inch 
thick, was removed by grinding from the test surface of each specimen, 
after heat treatment, to eliminate the oxidized or decarburized metal 
that might have developed in this portion during heat treatment. 


III. METHODS OF TEST 
1. GRINDING TREATMENTS 














All grinding tests were made on a hydraulically operated surface- 
grinding machine having a magnetic chuck of sufficient length 
permit the simultaneous grinding of five specimens placed in tandem 
arrangement. In this manner, practically identical conditions we! 








1 Figures in brackets indicate the literature references at the end of this paper. 
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maintained for all of the specimens during each grinding treatment. 
| The machine was equipped with controls for varying the table speed, 
F ross feed, and depth of cut, but the peripheral speed of the abrasive 
wheel was approximately the same (5,600 feet per minute) for all tests. 

Wheels of three different grit sizes were employed. All wheels were 
\2 inches in diameter with cutting faces 1 inch wide. Further details 
of the wheels are given in table 1. 


TABLE 1.—Grinding conditions employed on specimens 


Table speed, 
| ft/min, for Cross feed for cut Wheel feed for cut 
cut num- number !— | number !— 
Abrasive-wheel specification | ber !— 


, 2/3) 4 


| in. | in. | in. in. in. 
fAlundum abrasive, No. 46 ; 
| grain, vitrified bond, soft. 0.04 {0.04 | | 0.001 | .0002 
|Alundum abrasive, No. 60 |} | | 
grain, vitrified bond, soft, |;45) 45) 45) 45) .02 
| open structure | | | 
{Alundum abrasive, No. 80 | | | 
grain, vitrified bond, soft, |}35) 35) 35) 25) .02 | .015] .015) .01 | .0004! .0003)] . 
open structure. | | | 
fAlundum abrasive, No. 46 
| grain, vitrified bond, =. 
fAlundum abrasive, No. 46 =) ui a 
| grain, vitrified bond, soft. O15) O15) . O15} - 0004) . 0003) . 
fAlundum abrasive, No. 46 /|\,;| | 
| 
| 
| 


| 
| 02 0.02 |0.01 | .0004) .0003} . 
| | j | 


- O15) .015) .015) .0004) .0003) . 


i itrifi | 10} .O010)__- 21. we 
| grain, vitrified bond, soft. | -010) .01 0002} . 0001 


i asive ' | | 
fAlundum abrasive, No. 46 | .010 a on 


| 
| 


- | grain, vitrified bond, soft. 








| 
a 0002} . 0001 


Last cut indicated represents finishing cut. 
i Specimens preground with No. 46 grit wheel, same as conditions test ‘‘a’’. 

Specimens preground with Nos. 46 and 60 grit wheels, same as conditions ‘‘a” and ‘‘b” respectively. 
‘Ground dry, that is, without liquid coolant. A liquid commercial grinding compound was employed for 
] other vests. 


Each wheel was mounted on a separate hub, which fitted within 
close tolerance on the spindle of the grinding machine. The wheels 
were carefully balanced to permit the interchange of wheels with a 
minimum influence of the vibration factor. Prior to each grinding 
test, the wheels were dressed with a sharp diamond tool. 

One series of grinding tests was made dry, that is, without the use of 
a cooling liquid. For all other tests, a commercial grinding compound 
was used. This liquid, or ‘‘coolant’’, was fed in two opposite directions 
‘from a forced-circulation system to the cutting face of the wheel at 
upproximately the area of contact with the specimen. A suitable filter 
in the circulation system effectively removed abrasive matter from the 
used liquid prior to its recirculation to the work. 

The specimens were dressed before each grinding test in order to 
eliminate the effects of the previous tests and to insure continued 
latness of the surfaces. The depth of these cuts was considerably less 
than the initial cut for the following test, thus minimizing the influ- 
ence of the dressing treatment on the test results. 

The effects of the following factors in the grinding conditions on the 
surface hardness of the specimens were investigated: (1) oscillating 
rate of the specimen with respect to the abrading surface of the wheel, 
|(2) depth of cut, (3) grain size of the abrasive, and (4) cooling condi- 
tions during grinding. Further details of the individual test con- 
ditions are given in table 1, 
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2. HARDNESS INDENTATION TESTS 


Important factors influencing the accuracy of surface-hard; 
tests are the effect of elastic recovery on small indentations and yariy. 
tions of this effect for metals of different hardness. It has been demo». 
strated that hardness measurements made with the elongated pyrar 
idal-diamond indenter used in this investigation are not significant} 
influenced by these factors [1]. Since, with different loads, the say 
indentation numbers are secured on metal of uniform hardness, {} 
existence of hardness gradients in different levels of the surface lay 
is res adily detected. 

Indentation determinations were made under four different loads, 
namely 100, 200, 500, and 1,000 grams, with the indenting appara 
described in a previous Bureau publication [1]. The time of contye; 
of the indenter with the specimen for each indentation test was 2 
seconds. In every case the indentations were made with the lon 
axis of the indenter approximately parallel to the direction of | 
grinding marks. The hardness indentation numbers were compute 
by dividing the load, in kilograms, by the unrecovered projected area, 
in square millimeters [1]. The constant Cp, which relates the lengi| 
of the indentation to its projected area, was 0.0694 for the indente 
used. Decrease in identation number with increase in load was ay 
indication of the depth of the hardening effect for the grinding treai- 
ment. Data supplementing this information were obtained by makin 
similar indentation tests after the removal of layers from the ground 
surface by polishing with 3/0 emery paper under light pressures unt 
the grinding marks were barely visible. The thickness of the surfa 
metal thus removed was estimated by the measure of the depths of th 
grinding marks determined by the tracer method. 

Microstructural inhomogeneities of the specimens influenced tli 
depth of penetration of the indenter. This is illustrated in figure 2 
by the differences in the sizes of the indentations in the ferritic- a 
carbon-rich areas, respectively. In order to secure a representative 
average value of each of the surfaces tested, 10 or more indentations 
were made with each load on the indenter. 


3. SURFACE MEASUREMENTS 


It was essential, for the proper interpretation of the results of th 
indentation tests, to evaluate the surface “roughness” of the groun 
specimens. Such data also served to reveal any existing correlatio! 
of the factor of surface finish with surface hardness. 

The profilometer, embodying the tracer principle, used for evaluat- 
ing the surface finishes did not directly determine the “peak to valley’ 
heights of the surface markings, which are characterized in figure : 
but rather indicated the root-mean-square average values in micr0- 
inches (107°) of the deviations from the nominal surface. According 
to Abbott (3) the actual “peak to valley” heights are 3 to 4 times the 
root-mean-square values. The higher factor is considered more 
nearly correct for the limits of finish dealt with in this study. 
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Ficgure 3.—-Characteristic appearances of surface finishes produced by grinding 
different grit size abrasive wheels. 
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IV. RESULTS AND DISCUSSION 


The results of the indentation tests and the evaluations of surface 
“oughness”’ for each of the specimens prepared by the several grinding 

atments are listed in table 2... The changes of indentation numbers 
«ith increased load on the indenter for the different grinding and heat 
sith ineres are shown in figures 4 to 8. These curves, in general, 
chow a decrease of indentation number with increasing load. This 
ndicates a decrease of hardness with increasing depths of the surface 
ayers. These data must, however, be interpreted with respect to the 
iluences of the geometrical characteristics of the surface finishes. 


-—Average surface-hardness values of 0.33-percent carbon steel specimens 
treated to develop different structural conditions: (1) ‘fas ground,” (2) after 
wal of superficial layer of metal from ground surface by light polishing with 
emery pape r 


Hardness indentation number (elongated 
pyramidal—diamond indenter) 4 


FE valua- 
tions of 
surface 
| finish 
| 


“As ground” surfaces Polished surfaces 3 
Heat treatment 


‘est load, grams | Test load, grams 


| 500 it, 000! 100 | 200 | 500 |1,000 


} 

| 

i 

| | | rms 
10—% in. 


2 | 191 | 187 i 6 tod 
{ | 173 | 157 3 | 17 5g 52] 5toll 
|| Heated to 1,925° F, held at tem- ‘ 76 | 176 | 152 55 is 8 3t06 


perature for 1 hr, and furnace- | 2: 98 | 183 | 164 76 t 12 5 6 to9 
cooled. f 35 | 161 | 159 96 | 175 ; i 6 to8 
} 71 | 164 | | 4to07 

172 | 6 to 10 


176 | 19% ¢ 5 6 to 10 
} 156 | ¢ 2 f 55 8 tol4 
| rreated to 1,¢00° F, held at tem- 99 | 17% 5 | 153 | Hf y 5x 2to4 
perature for 1 hr, and furnace- |{ 20‘ 2] 166 | If } 5 6 to9 
cooled 8 § | 15 150 Rt 75 } hs 4to6 
3 | 171 5to7 
236 | 203 | 180 | 168 7toll 





190 | 22% 212 | 2 87 6 to ll 
2 93 | 189 | lf ‘ 8: 7 7 to 12 
Heated to 1,600° F, held at tem- |]: 202 | ¢ 177 | 19% ¢ * 76 3to5 

perature for 1 hr, and air- |(223 | 209 | 202 | 187 | 2 2 93 | 6 to8 
erry 188 | 186 172 | 1 ¢ 2 | 4to7 
| 186 | | 5to7 
| 192 | | 7to9 


) \\231 | 2% ¢ 
254 | 253 | 2: 208 | 235 | 230 | 214 | 202 | 6to10 
219 | : 95 | 186 | 20% 92 ( : 8 to 13 
Heated to 1,600° F, quenched |}215 | 218 ¢ 188 | 206 | 202 | 189 | 18: 3 to6 
: i (ae g 4 














in water, and drawn for 1 hr |( 237 | 205 | 189 | 205 | 2 9: 7 6to9 
at 1,490° F. 1|209 | 3 | 182 | 207 | : 89 | 18% 5to7 

21° | } 5to8 
6to9 


6to9 
| 236 2|2 7to14 

Heated to 1,600° F, quenched |]232 | 226 | 216 | ‘ 213 | : 209 | 202 3 to4 
in water, pre drawn for 1 hr |(2 246 | 241 | 233 | 219 | 216 | 228 | 226 6to9 
at 1,200° |]222 | 219 | 222 | 219 | 217 | 217 | 213 | : 4to6 
23% | 5to7 

7 to 10 





MB-5 


“eé table 1 for details of ieee treatments. 
* Each v ilue given is the average of 10 or more readings. 
ing was continued until grinding marks were barely visible to unaided eye. 
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Figure 4.—Effect of different conditions of grinding on the surface-indentation 
i a 
(hardness) values of 0.33-percent carbon steel, furnace-cooled from 1,925° F 
(1,050° C), as determined under different loads on the indenter. 
The curves in the upper portion of the figure indicate the surface-hardness values after removing a super 


ficial layer of metal from each of the ground surfaces by light polishing with 3/0 emery paper. (See table! 
for details of test conditions corresponding to the grinding-test designations listed in the ‘‘key.’’) 


Applying the factor of 4 to the surface-finish values given in table 
2, the average “peak to valley” heights of the surface contours were 
estimated to be about 0.000012 to 0.000024 inch for the smoother 
surfaces and approximately 0.00003 to 0.00005 inch for the coarser 
ones. Comparing the dimensions of the surface serrations with those 
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figure 5.—Effect of different conditions of grinding on the surface-indentation 


hardness) values of 0.33-percent carbon steel, furnace-cooled from 1,600° F 
370° C), as determined under different loads on the indenter. 














lhe curves in the upper portion of the figure indicate the surface-hardness values after removing a super- 
‘ell layer Of metal from each of the ground surfaces by light polishing with 3/0 emery paper. (See table 1 
rdetails of test conditions corresponding to the grinding-test designations listed in the ‘“‘key.’’) 


of the depths of the indentations made with the 100- and 200-gram 
oads, it is apparent that only partial contact was maintained between 
the metal and the surface of the penetrating portion of the indenter. 
Under such conditions, a longer indentation would be obtained than 
fa more complete bearing contact were maintained. Therefore, the 
indentation numbers, particularly for the lighter loads, were un- 
doubtedly smaller than the true values. Nevertheless, the distinct 
decrease in indentation number with increase in load (figures 4 to 8) 
indicated that the hardening effect was superficial. 
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The curves in the upper portion of the figure indicate the surface hardness values after removi 
superficial layer of metal from each of the ground surfaces by light polishing with 3/0 emery paper. 
table 1 for details of test conditions corresponding to grit di ng-test designations listed in the “key. 
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Evidence in further support of this view was secured from the 
‘ndentation tests on the specimens polished with 3/0 emery paper 
after grinding. The polishing treatments removed a thickness of 
metal from the ground surfaces equivalent to the ‘‘peak to valley” 
heights of the grinding marks, which in no case appreciably exceeded 
9.00005 inch. Despite the work-hardening effects of the polishing 
treatments, the results of the indentation tests on the polished surfaces 
were consistently lower than those for the ground conditions (table 2 
and figures 4 to 8). It is worthy of note that the variations of the 
individual indentation numbers from the average values were no 
creater for the “fas ground”’ surfaces than for the polished surfaces. 
It is likely that the true differences in indentation number for corre- 

sponding loads between the ground and polished specimens were 
a than indicated, because more complete contact was obtained 
between the indenter and the smoother polished surfaces. 

Although the degree of finish may influence the accuracy of small 
indentation hardness tests of a metal, the results listed in table 2 did 
not show any correlation between hardness and degree of finish of the 
surface. In some cases, similar hardness numbers were obtained on 
the same specimen having surfaces of significantly differing finishes 
produced with different grinding conditions (treatments 6 and c, table 
>). On the other hand, there were a number of tests in which different 
hardness results were obtained, despite the similarity of surface 
finish (table 2). 

The hardness curves (figs. 4 to 8) in most cases show that the factors 
of cooling, depth of cut, and grain size of the wheel significantly 
influenced the surface hardness of the steel. Within the limitations of 
the tests made, the surface hardening appeared to be independent of 
the microstructural characteristics of the material. The differences in 
the indentation numbers of the “dry” and “wet”? ground specimens 
curves d and e, respectively) may be attributed in a large measure to 
the thermal influences, as the other factors controlling the work- 
hardening effects were the same for both cases. The hardness data 
obtained for the surfaces, which were ground under identical condi- 
tions except as to the depth of cut (curves a and d), showed that a 
higher degree of hardening was obtained as the depth of cut was 
increased. The surface-hardening effect produced with the No. 46 
grain abrasive (curve @) was considerably greater than was obtained 
by grinding with either the Nos. 60- and 80-grain abrasives (curves 
bande). The hardening effects produced with the last two abrasives 
were approximately the same. 

The indents ation tests made on the specimens ground at oscillating 

ds ranging from 388 to 71 feet per minute (table 1) indicated that 
ctor exerted no appreciable influence. The results are presented 
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V. SUMMARY 


Mechanical-transfer plates of 0.33-percent carbon steel having dif- 
metallographic structures were investigated to determine the 
nee of different grin — r conditions on the surface hardness of 
lardness indentation tests were made with different loads 


longated ieraneesiel daaieind indenter developed at the 
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National Bureau of Standards. The geometrical irregularities of the 
ground surfaces evaluated by the ‘‘tracer’”’ method as the root-mean- 
square average deviation from a nominal surface were considered 
with respect to their influence on the accuracy of the hardness 
measurements. 

Experimental data are presented to show that the hardness of the 
surface metal, distinguished from that of the underlying metal, may 
be significantly influenced by (1) the cooling conditions during 
grinding, (2) the depth of cuts, and (3) the grain size of the abrasive 
However, the rate at which the stone passed over the specimens did 
not appear to influence the hardening effects. 

The results obtained within the limitations of the tests suggested 
that surface hardness is independent of the geometrical condition of 
the surface. However, the accuracy of the measurements of surface 
hardness by indentation means may be influenced by the degree of 
finish of the surface. 

The hardening effects of the grinding treatments on the stee! 
investigated did not appear to be influenced by differences of the 
microstructures of the material. 

The hardness data secured suggested that the most significant hard- 
ening effects of grinding are superficial and that these influences are 
progressively less for the successively deeper adjacent layers of 
the steel. 
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